4 "&'^ 



v 

i I- 






V. i: 



i'^ > 



! 



SEMINAR PROCEEDINGS 



HUMAN HEALTH EFFECTS 

OF 
ENVIRONMENTAL POLLUTION 



October 27 , 1983 



RESEARCH ADVISORY COMMITTEE 
MINISTRY OF THE ENVIRONMENT 



ONTARIO 







Ministry 
of the 
Environment 



The Honourable 
Andrew S. Brandt 
Minister 

Gerard J. M. Raymond 
Deputy Minister 






^miik 



ntario 






Copyright Provisions and Restrictions on Copying: 

This Ontario Ministry of the Environment work is protected by Crown 
copyright (unless otherwise indicated), which is held by the Queen's Printer 
for Ontario. It may be reproduced for non-commercial purposes if credit is 
given and Crown copyright is aciaiowledged. 

It may not be reproduced, in all or in part, part, for any commercial purpose 
except under a licence from the Queen's Printer for Ontario. 

For information on reproducing Government of Ontario works, please 
contact Service Ontario Publications at copvriiihtfe'ontario.ca 



SEMINAR PROCEEDINGS 



"HUMAN HEALTH EFFECTS OF 
ENVIRONMENTAL POLLUTION" 



OCTOBER 27, 1983 



Research Advisory Committee 

Ministry of the Environment 

Province of Ontario 



Acknowledgements 

The Ministry of the Environment Research Advisory 
Committee would like to acknowledge the Program Committee 
for their efforts in setting the program of this seminar. 
This program could not have materialized without the 
cooperation and involvement of the Canadian Centre for 
Toxicology . 

The Research Advisory Committee is especially thankful 
to the authors for their contributions and participation. 

The cooperation of the Ministry of Health Laboratory 
Services Branch as hosts of the seminar is appreciated. 



Program Committee 

P. D. Foley, Policy and Planning Branch (Chairman) 

W. B. Drowley, Senior Advisor to the Minister 

F. N, Durham, Southwestern Region 

C. J. Macfarlane, Hazardous Contaminants & Standards Branch 

J. G. Ralston, Water Resources Branch 

A. Szakolcai, Air Resources Branch 



Page II 



Introduction 

The Research Advisory Committee, sensing the need for an 
educational seminar which would provide staff with some 
understanding of toxicology, carcinogenicity and risk 
assessment methods, undertook the development of this seminar 
on "Human Health Effects of Environmental Pollution." With 
the assistance of the Canadian Centre for Toxicology, a panel 
of speakers has been assembled who can best provide staff 
with a basic understanding of a very complex subject. 

Representatives from the Ministries of Health, Labour, 
and Natural Resources, the Medical Officers of Health and the 
major municipalities were invited. 

The attached lecture notes form the basis of the 
presentations made by the respective speakers at the seminar. 



Page III 



Disclaimer 

These seminar proceedings have been prepared by the 
speakers at the request of the Research Advisory Coinmittee, 
The views expressed are those of the speakers and they do 
not necessarily reflect the views and policies of the 
Ontario Ministry of the Environment. 
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CHEMICAL TOXICANTS: SOURCES AND STRUCTURES 



Introduction 

Environmental chemistry is a relatively new field in science which has 
considerable societal impact. Environmental chemistry is basically the study 
of the interactions of a specific group nf chemicals, namely pollutants or 
xenobiotics with diverse components of our ecosystem. By definition and 
derivation, xenobiotics refer to chemicals which are foremen [xenos (Greek)] to 
nature [bios (Greek)] and have been directly^ indire ctly^ intr oduced into th e 
environment as a consequence of some human (homogenic) activity. Since the 
field of environmental chemistry or environmental science is concerned with 
[xenobiotic, pollutant] - [environment] interactions, it is not surprising that 
this is a highly raultidisciplinary research area. Environmental scientists may 
have received previous academic training in engineering, organic, physical or 
inorganic chemistry, biology, physics, biochemistry, toxicology or mathematics. 
It is only by applying the expertise derived from all of these diverse academic 
disciplines can we begin to understand and control environmental contamination. 
A useful definition of environmental pollution was proposed as follows: 

Environmental pollution is the unfavorable alteration of our 
surroundings, wholly or largely as a by-product of man's actions, 
through direct or indirect effects of changes in energy patterns, 
radiation levels, chemical and physical constitution and abundances 
of organisms. T^ese changes may affect man directly, or through his 
supplies of water and of agricultural and other biological products, 
his physical objects or possessions, or his opportunities for 
recreation and appreciation of nature. (Environmental Pollution 
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Panel, President's Science Advisory Coramitte, U.S.A.). 
The potential adverse effects of chemicals on the environment is a highly 
complex issue, however, the cartoonist Charles Schulz addresses the related 
problem of heredity vs environment in the following way. 



DO YOU SUPPOSE IT'S H£i5£0iTAK^. 
OR 15 ST YCUft ENVlfiCN-MENT? 





(j^M COVERED WITH 1T! 




-•"^^i^ 5?>^c 



Dttftftottating nojt «nd envifonrntniii iniertciioni. jD '9S5 Uft<l«d Ftaiuro SirndlcitB. Inc. 

The solution of the problem addressed in the cartoon is obvious, however, the 
determination of adverse impacts by environmental chemicals may often require 
more subjective assessments. 



pr imary Sources-of Environmental Toxins; Chemical Industries 

The chemical industry is a highly complex operation employing either 
directly or indirectly millions of people worldwide and making hundreds of 
thousands of products. From an environmental standpoint one is concerned with 
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TABLE 1 



TOP 50 CHEMICALS: Last year's sharp drop sank output ber^eath 1977's level 





Rtnk 

1»«1 

1 


» 






Producll«n 






A»r*e* aflnisl powlh 







BUIIon* o< H> 


Cwnmon uoin'' 






1M1 


1*11 


>aa2 


isei 


1M1-82 


iseo-si 


1»77-«2 


i*rz-S2 


1 


Sulfuric add 


64.61 


81.35 


32,304 tt 


40,675 t1 


-206% 


-8.1% 


-3.4% 


0.4% 


i. 


5 


NNrogfln 


3507 


35.51 


464 bcf 


490 bcl 


-1.2 


2.3 


79 


9.6 


3 


2 


Ammonia 


30.98 


38.08 


15,488 tt 


19,038 tt 


-186 


00 


-2.5 


0.2 


A 


4 


Oxyo«n 


29.ee 


35 68 


358 bcf 


431 bcl 


-17.0 


0,0 


-1.9 


1 


5 


3 


Llm«' 


28 40 


3778 


14.202 tt 


18.690 t1 


-248 


66 


-56 


-3.0 


6 


6 


Ethylen* 


2468 


29.42 


24.683 mp 


29,418 mp 


-16,2 


2.6 


-0.6 


17 


7 


a 


Sodium hydroxkl* 


18.28 


20,83 


9,141 tt 


10.4 14 tl 


-12 2 


-10.4 


-3.5 


-1.1 


e 


( 


CNorIn* 


18.27 


21.12 


9,136 tt 


10,560 tt 


-13.5 


-7,5 


-2.9 


-0.6 


9 


9 


Phosphoric acid 


17,05 


19.83 


8.523 tt 


■ 9,914 tt 


-14.0 


-94 


-1.0 


24 


10 


12 


Sodhim carbonata'' 


15.79 


16.56 


7.896 


8,281 tt 


-4.7 


1 


-0.5 


06 


11 


10 


NHflc acid 


15.22 


13.08 


7.608 tt 


9,039 H 


-15.7 


3.5 


-0.9 


-0,5 


\7 


t1 


Ammonium nitrata* 


14.66 


17.58 


7.331 tt 


8.791 tl 


-16.6 


-3.7 


0.4 


0,7 


13 


14 


Propyleno 


12.29 


13.48 


12.290 mp 


13.482 mp 


-8.6 


-1 4 


-16 


38 


14 


13 


Uraa' 


11.84 


16.21 


5.916 n 


8,103 tt 


-27.0 


3.5 


5.9 


5.6 


16 


15 


Elhylane dichlerld* 


9.99 


997 


9,965 mp 


9,974 mp 


0.2 


-102 


-1.9 


2.5 


16 


16 


Benz«n* 


7;S0 


9.63 


1.073 mg 


1.308 mg 


-180 


-35.0 


-6.9 


-1.5 


17 


24 


Tolu«r)«« 


7.07 


6,18 


1,057 mg 


852 mg 


24 1 


-162 


-0.2 


1.4 


18 


18 


Carbon dioilda'' 


7^t 


7.96 


3.688 tt 


3,982 tt 


-7.4 


7.0 


5.5 


8.6 


19 


17 


Methanol 


7.26 


8.58 


7,265 mp 


6,677 mp 


-15.5 


19 9 


2.3 


1.8 


20 


19 


ElhyltMtnzene 


6.67 


7.81 


6,674 mp 


7,812 mp 


-14.6 


2 2 


-4.3 


1,6 


21 


20 


Vinyl chlorlds 


6.50 


6.87 


6,495 mp 


6.874 mp 


-S.4 


63 


1.6 


2.5 


22 


21 


Slyr*n« 


6.93 


6.68 


5,928 mp 


6.680 mp 


-11.3 


-2.6 


-2.9 


-0.1 


23 


22 


Xylene 


5.29 


6.35 


735 mg 


882 mg 


-16.7 


-3.0 


-2.6 


-0.1 


1^4 


26 


Ethylene oxide 


s.oo 


5,11 


5,000 mp 


5.109 mp 


-2.1 


-2.1 


2.7 


2.4 


?S 


23 


Terephthallc acid' 


497 


6.23 


4.974 mp 


6.234 mp 


-20.2 


3,0 


-1.7 


5-3 


26 


27 


Hydrochloric acid 


4.97 


5.00 


2.483 tt 


2.501 tt 


-07 


-13.6 


-1.8 


0.6 


27 


25 


Formaldehyde' 


4.69 


5.72 


4,691 mp 


5.721 mp 


-18.2 


3,0 


-5.0 


-1.9 


28 


30 


Elhylene glycol 


4.30 


4.14 


4.235 mp 


4, 142mp 


3.7 


-5.6 


32 


1.3 


?9 


23 


Ammonium tullale 


357 


4.22 


1,78511 


2, 1 1 1 tt 


-15,4 


-1.2 


-3.9 


-04 


3U 


28 


p- Xylene 


2.93 


4.53 


2,926 mp 


4,532 mp 


-35.4 


6,9 


-1.6 


2.8 


31 


32 


AcaDc add 


2.75 


3.07 


2,751 mp 


3,074 mp 


-10.4 


3.3 


14 


2.1 


32 


31 


Cumene 


2.68 


3.31 


2,678 mp 


3.309 mp 


-18.7 


-4.3 


0.3 


1,6 


33 


35 


Aluminum sullate 


2.37 


2.59 


1,186 tt 


1,294 tt 


-8.3 


0.6 


-5.5 


0.0 


34 


34 


Carbon blacK 


2.29 


2 73 


2,290 mp 


2.730 mp 


-16.1 


7,2 


-7.2 


-32 


3:. 


3b 


Phenol" 


2 14 


2.58 


2,136 mp 


2,578 mp 


-17.4 


04 


-1.8 


1,1 


36 


39 


Acrylonltrlle 


204 


2 00 


2.041 mp 


1,996 mp 


2,3 


9.1 


4.4 


6-2 


37 


40 


Vinyl acetate 


1.88 


1 94 


1,876 mp 


1.936 n)p 


-3.1 


0.7 


3,4 


4.5 


3« 


33 


Butadiene' 


1.63 


299 


1,825 mp 


2,986 mp 


-38.8 


6.7 


-10.9 


-64 


39 


37 


Sodium ■ultale'" 


1.79 


2.33 


893 tt 


1,164 tt 


-23.2 


2.2 


-5.7 


-3.9 


40 


3B 


Acetone 


1.76 


2 14 


1.757 mp 


2.144 mp 


-18.0 


3.8 


-4,6 


0.1 


4 1 


4 1 


Uaiclum chloride" 


1.75 


1.83 


875 11 


917tt 


-4.4 


13.1 


-2.0 


-2.9 


42 


43 


Propylene oxide 


1.48 


173 


1.477 mp 


1,734 mp 


-14.8 


-1,9 


-4.6 


-0.3 


43 


44 


Uopropyl alcohol 


1.31 


1.67 


1,310 mp 


1,669 mp 


-22.2 


-9 1 


-7.2 


-3.1 


44 


46 


Sodium silicate 


1 30 


148 


650 tt 


738 tl 


-12.2 


-6.0 


-3.1 


-0.2 


4S 


45 


Titanium dioxide 


1 27 


1.52 


635 tt 


761 tt 


-166 


-3.3 


-1.6 


-0,9 


46 


42 


Cyclohexarte 


1.27 


1.82 


1.272 mp 


1,819mp 


-30.2 


-7.4 


-10.7 


-5.7 


47 


47 


Sodium trlpolyphotphale 


1.26 


1 39 


632 tt 


696 tt 


-9.2 


-11.8 


-2.5 


-48 


4fl 


49 


Adipic acid 


1.20 


121 


1,197 mp 


1,210 mp 


-1.1 


08 


-4.9 


-2.1 


49 


IB 


Acetic anhydride 


1.06 


1.25 


1,061 mp 


1.248 mp 


-15.0 


-15,0 


-6.7 


-3.9 


tiO 


50 


Elhanol 


1.02 


1.32 


1,022 mp 


1,317 mp 


-22.7 


-9.2 


-5.3 


-5.8 


TOTAL ORGANICS IN TOP 50 


150.33 


173.94 






-13.6% 


-1.2% 


-1,3% 


1.4% 


TOTAL INOfiGANICS IN TOP 50 


315.94 


373.45 






-15.4% 


-2.7% 


-1,3% 


0.5% 


GRAND TOTAL OF TOP 50 


466.22 


547.39 






-14.6% 


-2.2% 


-1.3% 


0.8% 



,1 li.-.iifi) b '1 ■- ini-iuiinds o( 10(15. bcr - ijilfion^ oi cuOii; loot, mp - millions o( pounb, mg = miiiKms ol galtoos c Excepl <o'"-»ci(iry dok>mno d Synihotic and naSurai • Oigtnai sotution 
\ luiJ bj'..'. g AiigraJTb h All lotms I Includes borh acK) and esisr without aoubte counting | 37% by weiijhl k Sjniheiit on)^ I Hutjbw yatle tn Hiyri ana low pinity n SoIk) and liquid 



SouicwI. huiirju ol Ilie Census BufOauOl Mioos, (ntwnaltofidl Tiade Commisston. CAtN eilnnales 



June 13, 1983 C&EN 31 



mmk 
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TABLE 2 



PRODUCTION: Dropped last year in ail sections of chemical Industry 



>ndu*trlai ptoductlon IndviM, 
























Annuiil 


Chang* 


1867 = 100 


isai 


1M1 


t»»0 


1t7« 


1078 


1877 


t«7e 


1B7S 


ie7« 


1871 


1872 


18St-t2 


1S72-8J 


Tolal Index 


138.6 


151 


147.0 


152.5 


146.1 


138 2 


130.5 


117 e 


129 3 


129.8 


119 7 


-8';., 


1% 


Manutacluring, total 


1376 


150 4 


146.7 


153.6 


146.S 


1364 


1303 


116.3 


129.4 


129 8 


1189 


-9 


1 


Nondurable manulacturlng 


156.2 


164,8 


161.2 


164.0 


156.9 


150.5 


141 8 


126.4 


134.6 


133 8 


126.5 


-5 


2 


Chemicals and products 


196.1 


215 6 


207,1 


211.8 


1974 


1857 


170.9 


1472 


159.4 


154 5 


143 6 


-9 


3 


Chemicals and synthetic material* 


196.7 


2286 


222.2 


234.2 


2167 


201.1 


185 1 


154 1 


176.7 


17 1.9 


156.4 


-14 


2 


Basic chemical* 


157.1 


1868 


1874 


192 


181.9 


171,6 


161.8 


135.9 


1533 


147,7 


137 7 


-16 


1 


Alkalies and chlorine 


99.2 


114.7 


121.4 


132.3 


1197 


119 2 


119.0 


106.5 


125.6 


123,8 


1202 


- H 


-2 


Gases, coal tar, inorganic prgnwnls 


160-0 


181.5 


184.3 


197.7 


1860 


174.3 


1644 


1333 


165.0 


157.8 


146.5 


-12 


1 


Basic organic ctiemicals 


192.9 


236,7 


231.6 


233 3 


221.2 


204.7 


189.8 


155.3 


177 9 


1700 


1553 


-19 


2 


Inorganic chemicals, nee 


1099 


1255 


1324 


1349 


1293 


128 5 


124.3 


1129 


1126 


110.8 


107 8 


-12 





Acids and lertilizer materials 


116.0 


1372 


1459 


142 


133,6 


1242 


117,6 


1084 


116.6 


113.1 


111.5 


-15 





Synthetic material* 


277.4 


313.7 


2933 


320-1 


2676 


2608 


232.5 


191 


224 4 


221.1 


194.7 


-12 


4 


Plastics materials 


403 6 


429.3 


386,5 


420.1 


366.5 


320.3 


280.1 


213 1 


258.5 


243 3 


217.4 


-6 


6 


Synthetic rutfber 


849 


103.3 


103.2 


130.5 


127.5 


124.5 


118 7 


101 2 


129,7 


135.6 


126 9 


-18 


-4 


M.in-made (ibers 


204.2 


254.4 


250 3 


270.8 


250.9 


236,8 


2143 


191 2 


2144 


220 1 


169 1 
131 3 


-20 
-4 


1 


Chemical products 


195.8 


203.0 


192.4 


190,2 


1790 


1709 


157.2 


140.7 


142 e 


137 7 


4 


Drugs and medicines 


266 8 


267.1 


245.7 


238.2 


220.6 


213.9 


191 5 


174.1 


179.6 


170.1 


165 5 





6 


Soap and toiletries 


171 5 


177.0 


170.8 


171.6 


163.8 


1S5.0 


143.0 


127 7 


128.1 


129.0 


130.3 


-3 


3 


Paints 


1 15.-J 


127.4 


130.5 


137.8 


132 6 


125.6 


122.8 


114.2 


1192 


114,7 


1 ISO 


-9 





Agricultural ctwmicals 


208 7 


241.4 


230.5 


221.6 


211.8 


201.1 


185.4 


163 9 


144.6 


127.0 


108,9 


- 14 


7 


Petroleum products 


121.8 


129.7 


132.9 


143.9 


145.2 


1426 


133 5 


124,1 


124 7 


128 5 


122.1 


-6 





Rubber and plastic* products 


254.7 


274.0 


255.7 


272.2 


253.6 


232.3 


199.7 


166.7 


195.2 


184.1 


172 4 


-7 


4 


n»c - no! elsewFiera ciassiriod Some*: Fedwal Rb9«v» Board 

























B. MINERALS: Fertilizer raw material production fell again in 1982 



Thousand! dl tcina 


(88:1 


i»«i 


1880 


1878 


1B78 


1B77 


1*7* 


187S 


1874 


1873 


1972 
193 


AnnuA 
1881 82 

6% 


Chang* 
1672-82 


Dromine, sold or used* 


200" 


189 


189 


249 


223 


217 


230 


204 


216 


209 


"/„ 


Calcium chloride, production"^ 


" 875 


917 


811 


981 


1,031 


968 


897 


828 


1,101 


858 


914" 


-5 





Iodine, corisumplion'o 


4 0" 


4.4 


4.4 


4,4 


4,0 


43 


36 


3.1 


3.8 


3.5 


34 


-10 


2 


Imports 1 


2.8" 


3.0 


3 1 


3.1 


3,4 


35 


3,2 


2,7 


4.0 


3.1 


3 1 


-7 


-1 


Lime, sold or used" 


14,202" 


18,890 


19,037 


20,983 


20,484 


19,987 


20,257 


19,159 


21,645 


21,132 


20.332 


-25 


- 4 


Lithium, consumption" 


2,9" 


3,2 


3,0 


3.2 


34 


4.1 


2,8 


2,9 


38 


3,2 


2,7 


-10 


1 


Phosphate rocl( 




























M.irkctabI© production 


41,241 


59,110 


69,982 


56.891 


55,156 


52,091 


49.231 


48.806 


45,676 


42,1?8 


40,823 


-30 





Fxports 


10.849 


11.453 


16,737 


15.827 


14,187 


14,584 


10.398 


12,270 


13,895 


13,873 


14,272 


-5 


-3 


Potash (KjO equlvalenty 
Production 


1.929" 


2,377 


2468 


2,463 


2.484 


2.457 


2.400 


2,501 


2.552 


2,604 


2.659 


-17 


-3 


Impcirls" 


5,291" 


5.287 


5.481 


5,693 


5,189 


5,076 


4.594 


3,797 


4.325 


3.587 


2,961 





6 


Apparent consumption 


6,614° 


6,849 


6,999 


7,626 


6,840 


6.605 


6.149 


5,113 


6.086 


5.563 


4,816 


-3 


3 


Salt, ictji sold or used' 


38,700" 


38.915 


40,396 


45,820 


42.896 


43,439 


44.218 


41.057 


46,565 


43.939 


45.051 


-1 


-2 


Evaporated 


5,418" 


6.209 


6,358 


6,248 


5,872 


5,704 


5,634 


5.372 


5,951 


5.913 


5.879 


-13 


-1 


Rock 


13,158" 


11,871 


11,806 


14,891 


14,688 


14,958 


15,668 


14,283 


14,835 


12,347 


14.434 


11 


- 1 


Siilt in brinfi'" 


20,124° 


20,835 


22,231 


24,661 


22,336 


22,777 


22.917 


21,401 


25,779 


25,680 


24,737 


-3 


-': 


Sodium carbonate, produciion 


^ 8,000" 


8.281 


8.275 


8,253 


8,290 


8.040 


7.560 


7,'l30 


7,566 


7 535 


7.523 


-3 


1 


Sullur, pcoduciion" 


10.788 


13,388 


13,080 


13,339 


12,318 


11,624 


11,992 


12.610 


12,789 


12,231 


11.444 


-19 


- 1 


Apparent consumption" 


11,088 


14,093 


15,056 


15,145 


13,889 


12,650 


12.060 


11,875 


12,115 


11,463 


11.036 


-21 





Friisch, production 


4,641 


6,997 


7,044 


7,007 


6,226 


6.520 


7,016 


8,077 


8,849 


8,518 


8.165 


-34 


-6 


Recovered elemental 
production 


4.855 


4,695 


4,490 


4.486 


4,476 


3.995 


3.514 


3.326 


2,948 


2,706 


2.184 


3 


8 


Other, production 


1,293 


1.695 


1.547 


1,845 


1,615 


1.310 


1,462 


1,208 


992 


1.008 


1.096 


-24 


2 
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Production by the US. ChentidiMndustry H 



ORGANIC CHEMICALS: Steep declines marked output of most products in 1982 



Mllllonl ol tt) untau 


1»»2» 




















AniHU 


ch*no« 


other wiu not*(l 


1M1 


leto 


tBTB 


lira 


1»7T 


1«7« 


197S 


1*74 


1*73 


Wl 


1>Sf-l2 


1072-63 


Acetic acid, synthetic 


2,751 


2.705 


2.977 


3.265 


2,776 


2.570 


2,463 


2.197 


2.584 


2,429 


2,235 


2% 


2% 


Ac«lon« 


1.757 


2,144 


2,076 


2.653 


2,519 


2.219 


1.669 


1.640 


1,980 


1,989 


1.818 


-18 





Acrylonltrile 


2,041 


1.997 


1.830 


2.016 


1,752 


1.646 


1,518 


1,215 


1.412 


1.354 


1.115 


2 


6 


Aniline 


557 


634 


659 


690 


606 


584 


544 


407 


551 


458 


410 


-12 


3 


Benzene, mg"'^ 


1.073 


1.339 


1,585 


1.673 


1,488 


1 467 


1,425 


1.024 


1.488 


1,453 


1.252 


-20 


-2 


Bi&phenol A 


479 


555 


530 


576 


471 


455 


449 


293 


370 


320 


255 


-14 


6 


1.3-6uta<liene'^ 


1,8?6 


2.986 


2,799 


3.583 


3,515 


3.259 


3,507 


2,597 


3,682 


3.644 


3.527 


-39 


-6 


Buldnol 


706 


809 


790 


766 


756 


660 


625 


490 


558 


519 


590 


-13 


2 


CapfOlaclam 


797 


928 


905» 


945 


919 


867 


780 


713 


668 


656 


640 


-14 


2 


Cartion disuHlde 


na 


388 


377 


448 


476 


505 


508 


479 


782 


777 


768 


na 


na 


Carbon telrachlorld« 


588 


726 


710 


714 


737 


809 


857 


906 


1,163 


1,047 


997 


-19 


-5 


Cumene 


2,678 


3.309 


3.459 


3,917 


3,380 


2,644 


2,716 


2.003 


2,906 


2,665 


2,293 


-19 


2 


Cycloheiane 


1,272 


1,620 


1,964 


2,425 


2.332 


2,265 


2,187 


1.734 


2,352 


2.123 


2,298 


-30 


-6 


Diisodecyl phthalate 


108 


140 


122 


175 


171 


161 


143 


106 


147 


171 


153 


-23 


-3 


Dodecylttenzene' 


484 


535 


563' 


627 


526 


526 


529 


495 


533 


498 


524 


-10 


-1 


Ethanol. synlhelic 


1.028 


1,317 


1,451 


1,408 


1,267 


1.339 


1.496 


1,429 


1,618 


1.962 


1.851 


-22 


-6 


Clhanolamlnes^ 


403 


429 


376 


420 


362 


308 


286 


258 


307 


293 


284 


-6 


4 


Elhyl chtorlde 


339 


324 


396 


SS2 


■ 540 


612 


669 


575 


662 


660 


576 


5 


-5 


Elhylbenzene 


6,674 


7.813 


7,642 


8.448 


8,385 


8,312 


5,770 


4.822 


6,048 


5.668 


5.676 


-15 


2 


Elhytene 


24.683 


29.418 


28,667 


29.904 


25.955 


25.172 


22.475 


20.499 


23,691 


22.329 


20.852 


-16 


2 


Ethylene dichlorlde 


9,985 


9.974 


11.108 


11,794 


11,001 


10.997 


8.042 


7.977 


9,165" 


9,293''' 


7.809 





2 


Ethylene glycol 


4,295 


4.143 


4.386 


4,729 


3,904 


3.675 


3.335 


3.809 


3,341 


3.278 


3.761 


4 


1 


Ethylene Oxide 


5.000 


4,937 


5,220 


5.665 


5,012 


4,364 


4,184 


4,467 


4,200' 


4 167 


3.962 





2 


2-Elhylhe«anol 


321 


389 


367 


318 


420 


493 


450 


387 


395 


402 


526 


-17 


-5 


Formaldehyde, 37%' 


4.691 


5,721 


5,555 


5,971 


6,381 


6,046 


5,449 


4,558 


5.764 


6.424 


5,652 


-20 


-2 


Isopropyl alcohol 


1,310 


1.669 


1,836 


1,900 


1.730 


1.883 


1.936 


1,521 


1,939 


1,835 


1,790 


-22 


-3 


Maleic anhydride 


259 


293 


304 


323 


341 


294 


264 


216 


290 


282 


274 


-12 


-1 


Methanol, synlhetic 


7.265 


8,577 


7,153 


7.367 


6,443 


6,453 


6,242 


5.176 


6,878 


7.064 


6.472 


-15 


1 


Methyl chloride 


370 


405 


362 


463 


454 


476 


378 


306 


493'' 


544^- 


454 


-9 


-2 


Methyl ethyl ketone 


462 


611 


587 


656 


661 


512 


428 


425 


506 


541 


509 


-24 


- 1 


Methyl chtOfolorm 


586 


614 


692 


716 


644 


635 


631 


459 


592 


548 


441 


-5 


3 


Methylene chloride 


524 


592 


564 


633 


570 


478 


538 


497 


609 


520 


471 


-11 


1 


Perchloroethylene 


585 


691 


765 


773 


725 


614 


669 


679 


734 


706 


734 


-15 


-2 


Phenol, synthetic* 


2.136 


2.578 


2,568 


2,981 


2,682 


2,338 


2,121 


1.746 


2,298 


2.241 


2.052 


-17 





Phlhalic anhydride 


691 


870 


818 


1.013 


978 


926 


902 


702 


977 

1 


1,023 


933 


-21 


-3 


Propylene' 


12.290 


13.482 


13.676' 


14.198' 


13,014' 


13.328' 


10,030' 


8.709' 


10.475"' 


9,684"' 


6,472'" 


-9 


4 


Propylene glycol 


403 


473 


488 


610 


547 


489 


517 


391 


510 


502 


563 


-15 


-3 


Propylene oxide 


na 


na 


1.767 


2.249 


2.047 


1.866 


1,823 


1,524 


1,756 


1,753 


1.520 


na 


na 


Styrene. rnonomer 


5.928 


6.679 


6.856 


7,484 


7,186 


6.867 


6.301 


4.673 


5,956 


5.975 


5.941 


-11 





Terephthalic acid. 


4.974 


6,235 


6.054 


6.159 


5,954 


5.410 


5.051 


4.614 


4,262 


2.564" 


4,4051' 


-39 


1 


dimethyl ester'' 




























Toli/ene, mq' ' 


1.057 


856 


1.017 


1.010 


1.054 


1.018 


999 


705 


92? 


958 


916 


23 


1 


Vtnyl acetate 


1,876 


1.936 


1.922 


1.982 


1.692 


1.586 


1,481 


1,290 


1.403 


1.503 


1.211 


-3 


4 


Vinyl chloride 


6 495 


6.874 


6,466 


6,389 


6.941 


5.986 


5,677 


4,196 


5,621 


5 'J51 


5.08y 


-6 


2 


o-Xytene 


799 


918 


995 


1.082 


1,013 


985 


854 


703 


1.056 


1 068 


832 


-13 





p- Xylene 


2,926 


4.532 


4,238 


4.650 


3.516 


3.172 


2.911 


2,484 


2,707 


2.326 


2,208 


-35 


3 
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INORGANICS: Production In 1982 frequently little changed from a decade ago 



Th6u»»o<»» 01 lon« tinJM* 
olhcraflM nol*4 












Protluctlsn 










Annufti 


Ch«n^ 


1W»* 


1M1 


ISM 


1«7» 


i«ra 


xtj-r 


i>7a 

1.202 


1»7S 

1,146 


«74 

1.257 


1*73 

1.233 


1«71 


1072-C2 


Atumlnum sulfaia" 


1.186 


1,294 


1,286 


1.315 


1,309 


1,255 


1.193 


-6% 


0% 


Ammonia.' " 100% 


15,488 


19,076 


19.653 


18.634 


17,119 


17,765 


16,716 


16,419 


15.733 


15.208 


15.169 


-19 





Ammonium nl(tal«.' T00% 


7.331 


8,336 


9.128 


8.293 


7,210 


7.177 


7,166 


7.088 


7.542 


7.235 


6.863 


-18 


1 


Ammonium sullate.'^ ' 


1,785 


2.194 


2.136 


2,363 


2.449 


2,264 


2,010 


2.106 


2.120 


1,987 


1.858 


-19 





100% 
Chtorlno gas^ 


9,120 


10.767 


11.421 


12.291 


11,052 


10,573 


10,378 


9.167 


10,753 


10,402 


9,854 


-15 


— 1 


Hydrochloric acid,'' 100% 


2,483 


2,502 


2.888 


3.090 


2.793 


2.668 


2.542 


2,009 


2,470 


2,534 


2,360 


-1 


1 


Hydrogen,' ibcf. 100% 


91 


103 


107 


106 


90 


85 


82 


74 


82 


65 


59 


-12 


4 


Nllric acid, 100% 


7,608 


9.077 


9.231'- 


8,916" 


7,934'- 


7,987' 


7.791'' 


7,527' 


8.120'- 


8,398'' 


7.981'- 


-16 





N.lrogen gas," bcl, 100% 


484 


490 


479 


427 


379 


328 


289 


252 


243 


227 


194 


-1 


10 


Oxygen." hc(. 100% 


358 


431 


431 


456 


430 


392 


388 


353 


390 


389 


352 


-17 





Phosphoric acid. 100% 


8,523 


9.922 


10,848 


10,318 


9.637 


8.745 


7.949 


7.677 


7,213 


6.927 


6.712 


-14 


2 


Phosphorus"' 


361 


426 


432 


460 


441 


430 


437 


450 


524 


526 


541 


-15 


-4 


Sodium chtoiato. 100% 


247 


302 


312 


269 


265 


251 


199 


173 


203 


204 


194 


-18 


2 


Sodium hydroxide, 100% 


9,141 


10,414 


11.625 


12,759 


11,309 


11,000 


10,516 


9.635 


11,189 


10, n4 


10,216 


- 12 


-1 


Sodium phosphate" 


632 


696 


727 


757 


739 


717 


724 


770 


903 


967 


1.033 


-9 


-S 


Sodium slllcate° 


649 


788 


805 


813 


829 


760 


747 


724 


770 


723 


661 


-18 





Sodium sull ale," 100% 


902 


1.077 


1.140 


1,121 


1.174 


1.199 


1,232 


1,227 


1.348 


1,437 


1.327 


-16 


-4 


Sulfuric acm.'i 100% 


32.304 


40.795 


44,158 


43,204 


41,314 


38,337 


34,878 


32.360 


33,936 


31,949 


31,183 


-21 


-Q 


Tllantum dtonlda,' lOO'^i 


635 


761 


727 


742 


701 


687 


713 


603 


787 


785 


693 


-17 


-1 


Uiea. 100% 


5.931 


8.103 


7.830 


7.000 


6.273 


6.072 


4,496 


3,799 


3,789 


3,543 


3,467 


-27' 


6 
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and 

liom 

a -..jiuDi^ yl-cai.! g.«ti («.ii« sla.!.) sol.d and l«w«» (anftydroui). <!. eludes i.^«M«5 prolucwi and coni^.-mwj m mal,«g mela- . nrth„: . a,.d 5.^i^^vi,..ate<, p *'*y**|^. t"*^^'-' '=>* P«-"- 
^-vj GUiuews «li q G.o5i |ne« and to.iit«ll r Composm >»t (we Mi>t.L l>c« = Mhons o( e«(»c i»t So«c«: Defiirimenl of Gwonw™. w,i».nat»«i Trade Gomm.ss«r 



\m ^ 



Man-made libers production 

Billions ot lb 



E. MAN-MADE FIBERS: 10 
U.S. output In 1982 
was the lowest since 
the mid-1970s 




















I 


oW 

1972 73 




[■■^l 


■^^■■■B 


n^H 




74 75 


76 77 


78 79 80 


81 82 












Preducllon 










Annual chano* 


M.iHoft3 or \b 


1M2 


1MI 


IMO 


1«7» 


1S78 


1877 


1S7* 


1»7S 


It74 


t»73 


1972 


































AcetaU" 


196 


261 


316 


324 


308 


290 


298 


313 


382 


462 


429 


-25% 


-8% 


Rayon 


388 


509 


490 


606 


597 


598 


543 


436 


817 


895 


965 


-24 


-9 


Ayrylic" 

Nylon' 

Olefins'' 


624 


691 


779 


761 


726 


709 


621 


525 


631 


742 


026 


-11- 


U 


1927 


2332 


2358 


2,720 


2550 


2326 


2075 


1857 


2124 


2175 


1974 


-17 





723 


785 


748 


759 


692 


635 


577 


497 


531 


492 


416 


-e 


6 


Polyester 


3169 


4176 


3989 


4,178 


3800 


3642 


3340 


2995 


2926 


2888 


2328 


-24 


3 


Textile glass 
Other* 


899 
17 


1041 
22 


867 
19 


1,014 
18 


923 
16 


787 
16 


676 
14 


546 
12 


683 

12 


688 
13 


572 
11 


-14 
-23 


5 

4 


TOTAL 


7943 


9817 


0566 


10.381 


9611 


9002 


8144 


7iei 


8105 


8354 


7322 


-20% 


1% 



a .n.H*> *ace;ai„ ard u,.ceiare. «ci>,a« producr^x. to. c^me hi.a,BP b mciu*, modaoyW e >«M^ ««™i. d ^<^ o*ho y-r. and wo^.u»r^H. a«, o.e1,.> *« -«von siapi« 
,',iKli..« a Includes oHiyyaio and mord.iaments: yoinuchwtlv Mian and spande* S<*irM: Teiuw Eeonomw* Buie*. 
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F . Plastics production 



Billions Of lb 




PLASTICS: Output in 1982 
dropped back to 1980's 
depressed level 



1972 73 74 75 76 77 78 79 80 81 82 





isb: 


lOBI 


1900 




ia7B 


ProducMon 

1B77 1976 


1S75 


1'I7 ! 






Annual 


thanue 


Mlllloni al ill' 


1979 


1H73 


1»72 


1B72 B2 


THERMOStrriNG RESINS 




























Epo.y" 


2S6 


336 


315 


3GI 


299 


261 


244 


198 


249 


223 


184 


-15% 


4% 


Polyeslef' 


865 


997 


94 7 


1.147 


1.209 


1.061 


1.042 


U34 


911 


1 051 


933 


-13 


- 1 


Ufea 


398 


1.165 


1.1 e»5 


1.367 


1,122 


963 


fl2l 


4,90 


835 


6G7 


739 


-14 


3 


Melamine 


15(5 


179 


1G7 


200 


202 


200 


IB6 


115 


164 


170 


171 


-12 


-1 


Phenolic" 


2.0OG 


2.333' 


1.499 


1.781 


1,61/ 


1.458 


1.340 


1.05) 


1.33;, 


1.3ii7 


1.453 


-14 


na 


TOTAL 


4,313 


5,010 


4.094 


4,B57 


4,448 


3,943 


3,631 


2,se8 


3,494 


3,69a 


3.481 


-14 


nn 


THERMOPLASTIC RESINS 




























Polyethylene 




























Luvt tjr:[k^ily' 


7,503 


7.693 


7.291 


7,793 


7,111 


6.47 1 


5.813 


4.743 


5.973 


5,803 


5,:'74 


2 




(lljll dCll-rjIi" 


4.928 


4.S95 


4.405 


5.010 


4.20 1 


3,652 


.'», 125 


2.468 


2.fi:)r' 


2,03 7 


2,j;'5 


r> 




Pbtypropylone 


3.477 


3.9;.5 


3,G40 


3.B41 


3,074 


2,747 


2 032 


1.902 


2.;>4& 


2. 1b2 


1.7:' 6 


-12 




AciylonllHItf' butadiene-sty rone 


740 


DIG 


9;'0 


1.191 


1,134 


1,U69 


988 


642 


U57 


87 7 


810 


-19 


- 1 


Slyron» .ii.fylonlUlle 


at 


107 


111 


124 


120 


115 


113 


109 


109 


121 


99 


- 1.6 


-1 


Polystyieiie 


3.191 


3.621 


3.521 


4 005 


3,823 


3.446 


3.195 


2.662 


3.3G4 


3.3?2 


3,139 


-12 





Slyrene-buladlene copolymers 


640 


329 


7Q5 


IMG 


878 


813 


756 


585 


67b 


703 


Lk4 


-S3 


u 


and other btyrene resins 




























Polyamlde. rfylori lypo 


22B 


S)12 


274 


327 


275 


254 


;M7 


135 


J(J4 


20,5 


15,/ 


-27 


4 


Polyvinyl chloride and 


'<:J2b 


5.707 


5.4 70 


G.119 


5.723 


5.253 


4.716 


.'^.648 


4.ii50 


4 '.A:? 


'I 2 5 "3 


-7 


2 


copolymers 




























Olher vinyl resins" 


177 


?0H 


196 


?20 


197 


197 


225 


187 


?Ml 


U9 


104 


-15 


-1 


TOTAL 


26,301 


28,043 


26,621 


29.546 


26,536 


24.017 


21,870 


17.081 


21.331 


20,591 


18,607 


-6'iu 


40 ^'o 
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SYNTHETIC RUBBER: Output plunged last year from already low levels 





ies2 


1981 


isso 


1979 


1978 


Production 
1977 


1976 






1973 ' 


1872 


Annutf 
1^91: 1 SJ 


chanfj^ 


TL<>UU4,(Hft 01 n1<?lric IOrt» 


M7i 


1874 


\il7k 82 


Styreriebuladiene rubber* 


876 


1032 


1074 


1378 


1J95 


1395 


1333 


^}fS 


1466 


is:i/ 


ISUC' 


-15% 


-5% 


Polybul.-.ditne 


2BB: 


342 


3.11 


397 


378 


361 


.352 


290 


310 


33/ 


;3a 


-16 





Nilnle 


45 


65 


63 


75 


73. 


70 


73 


55. 


as 


84 


,5 


-32 


-5 


E1hy(cne-()ropylene 


123 


173 


144 


17,S 


174 


i;S8 


13B 


84 


126 


120 


91 


-31 


3 


Pciiy(;hlor6prene 


119 


143 


151 


133 


161 


165 


165 


144 


163 


n;i 


nn 


-17 


na 


Duiyl 








194 


154 


149 


125 


SO 


164 


16'J 


131 






Polyisoprene 












62 


74 


til 


93 


119 


134 , 


-31 


-5" 


Other' 


181^ 


261' 


2 72^ 


132" 


138" 


56 


51 


4/ 


8(4 


271,1' 


226' 







TOTAL 



1632 2022 2015 2534 2475 2418 2304 1941 2498 2627 



2456 



■19% 



-4% 
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TABLE 3 
TOP 100 CHEMICAL PRODUCERS: In 1982, few eked out an increase in their chemical sales. . . 













Oi*<n«c*l 






op*ra1lnQ 






Chamlcal 










Ch«mlc*( 




••■•> ai 






pfDlItt at 




Idanll 


a*a*l< 


Oparaii' 








ult* 


Ch*n0* 


% o« 




Chwnical 


Chang* 


% ai io<ai 


Oparalln^ 


nat>la 


% 01 


ftturn ( 


Rwik 




1»«2 


fl-Ortl 


total 


IrtOuttif 


Dpvaimg 


Irom 


oparatlng 


piO<ll 




total 


chamlc 


W»i 


19St 

1 


■ Company 


(S mlHIon) 
$10,841 


leai 


um 


cl»*iric*tton 


prom" 


1»t1 


protHa 


margiri^ 


aataii 


36 C% 


aaaall 


1 


Du Pont 


-5 8% 


32 5% 


Diversified 


$417 


-63 1% 


10 6"'; 


3 8% 


$7745 


5 4"^ 


2 


2 


Dow Chomlcal 


8.252 


-12.1 


77.7 


Basic chemicals 


226 


-63 1 


63 5 


2 7 


8124 


68 e 


? e 


;> 


3 


Exion 


7. 259 


-14 


7.1 


Psjtroloum 


47 


-86 5 


06 


6 


5047 


8 1 


09 


4 


4 


Monsaiilo 


5,737' 


-9 1 


907 


Basic chemicals 


497 


-26.0 


99 ? 


8 7 


5234 


at) 1 


9 5 




5 


Union Carbide 


4.985 


-13 7 


55 


Basic chemicals 


294 


-49.3 


44 7 

def 


59 
det 


602 7 

3C4 1 


57 3 

IB D 


4 9 


6 


Shell Oil 


3,085 


'14 4 


15.4 


Petroleum 


-66 


del 


dc( 


7 


6 


Celanese 


3,062 


-18.4 


100.0 


Basic chemicals 


39 


-82 3 


100 


1 3 


28C2 


100 


1 4 


8 


a 


Standard Oil (Ind.) 


2,786 


-9 8 


94 


Petroleum 


133 


-36 7 


3 7 


46 


2530 


106 


63 





10 


W fl. Grace 


2.654 


-40 


43 2 


Specialty chemicals 


303 


-23 5 


502 


114 


1608 


34 5 


188 


10 


1 1 


Allied 


2,407 


-13 7 


39.0 


Diversified 


105 


-50 2 


13 4 


4 4 


1726 


27 5 


6 1 


11 


12 


Phillips Petroleum 


2,356 


-46 


150 


Petroleum 


23 


-83 6 


1 


1 


1563 


149 


1 5 


1? 


9 


Atlantic Richlield 


2,242 


-18 1 


8.3 


Petroleum 


-96 


del 


def 


det 


2C0B 


12 1 


(Iff 


I.^i 


14 


Eastman Kodak 


2,151 


-84 


19 9 


itioto equipment 


205 


-29 1 


It 


fi 5 


200 1 


19 3 


in ?■ 


14 


lb 


Mobil 


2,148 


-76 


3.3 


Petroleum 


6 


-95 1 


1 


03 


207'j 


5fl 


3 


■'h. 


16 


Hercules 


2,040 


-10 3 


82.6 


Basic cttemicals 


75 


-S5 9 


e:; 8 


3 7 


1468 


90 4 


5 1 


lb 


13 


Gulf Oil 


2.006 


-183 


66 


Petroleum 


-329 


del 


del 


del 


1232 


b t, 


dHl 


17 


ia 


Rohm & Haas 


1.727 


-1 9 


94.5 


Eiasic ch«niicals 


156 


-166 


98 1 


9 


lOof. 


90 1 


15 5 


18 


17 


American Cyfinamtd 


1,698-' 


-127 


49 2 


Basic chemicals 


100 


-49 5 


434 


59 


1308 


56 5 


7 6 


ID 


Vi 


Slautler Chemical 


1.618 


-6.3 


TOO.O 


Basic chemicals 


285 


-7 3 


100.0 


1/ 6 


1<56 


1 00 


le 2 


:'a 


?0 


American Hoechsl 


1.506' 


-6.4 


100.0 


Basic chemicals 


na 


na 


na 

lief 


na 
di'f 


na 
953 


11,1 
4 -J 


n,i 


?-i 


Tenaco 


i,497 


-16 7 


32 


Potroleuni 


-20 


det 


i)«-l 


2? 


33 


Ethyl 


1,411" 


-69 


87 4 


Basic chemicals 


161 


45 


04. 5 


11 4 


959 


36 7 


16 K 


23 


PB 


All Products' 


1,3Li9 


"0 2 


86 6 


B<T;ic civjniicals 


189 


-4 2 


93 7 


13 9 


i.sge 


73 6 


n H 


;■* 


27 


FMC 


1.319 


-4 b 


37 7 


Machinery 


149 


- 23 4 


Bl 7 


1 1 -J 


1084 


39? 


13 7 


2b 


31 


Clba-Gelgy 
Occidental 


1,285 


-09 


68 


Specialty chomicals 


na 


n,:i 


iin 


na 
1 7 


n,j 
1209 


n.i 
R H 


n,-i 


26 


1.260'J 


-11.5 


6.7 


Petroleum 


15 


-864 


08 


(■ 1 






Petroleum 
























27 


PS 


Bordon 


1,22U" 


-144 


29 7 


Dairy pioilucts 


66 


-37 7 


29 5 


70 


1271 


49 1 


O-B 


M- 


'TU 


Ashland OH 


1,197 


-too 


13.1 


Petroleum 


28 


-31 7 


83 


23 


402 


9 '1 


7 Ci 


?'J 


33 


Union Oil of Calif. 


1,153 


-7.6 


10 6 


Petroleum 


90^ 


-193 


11 1 


78 


671 


7 y 


13 -l 


30 


32 
21 


lulobay 


1,132 


-9.4 


100.0 


Basic chemicals 


3-^ 


-94 6 


100.0 


3 

1 4 


1213 
963 


1000 
6 2 


J 


31 


Tenneco 


1,108 


-7.5 


7.4 


Petroleum 


15 


-53 1 


0.8 


1 6 


3: 


24 


U.S. Steel 


1.077 


-24.6 


5.7 


Steel 


-31 


d.f 


def 


C<-l 


592 


3 


dPi 


■33 


3.i 


Standard Oil of Calll. 


1,047 


-14.1 


30 


Petroleum 


-16'' 


def 


del 


lj<!f 


825 


40 


c!r,'l 


3.4 


38; 


B, F, Goodrich 


1.015 


-3 1 


33 6 


Rubber products 


1 


-9(i.3 


iJef 


1 


1186 


50 


1 


3S- 


29 


International 

Minerals' 


1.013 


-17.4 


64.9 


Agri ctiemicals 


169 


-43 


79 1 


16 7 


1345 


69 3 


12 tj 


36 


36 


Olln 


1,012 


-60 


55.5 


Basic chemicals 


22 


-53 7 


16 6 


2 2 


914 


61 7 


24 


J7 


35 


Diamond Shamrock 


996 


-12.7 


31 3 


Petroleum 


83 


-44 9 


34 2 


8 3 


1024 


32 1 


8 1 


38 


37 


OF industries 


gis" 


-128 


100.0 


Agri. chemicals 


-38 


def 


d.;( 


dot 


1008 


100 


ik>l 


39 


•J1 


BASF Wyandotte 


895 


-7.5 


100.0 


Basic chemicals 


-3 


def 


def 


def 


735 


100 


del 


4 


39 
40 


PPG Industries 


893 
a?8* 


-IT 8 


30 1 


Glass products 


39 


-67.5 


16.4 


4 4 
Oct 


1045 
981 


32 
51 7 


3 .' 


41 


Williams Co*. 


- 15-9 


49.0 


Agri. chemicals 


-30 


d«i 


del 


del 


■li' 


■1^ 


Helchhold Criemlcals 


815 


-1-12 


100.0 


Bj5!C chemicals 


17 


-52 8 


100 


2 1 


356 


100 


4 B 


43 


43 


Lubrlio! 


812 


-97 


100 


Specially chemicals 


103 


"-34 4 


100 


12 ,■ 


569 


100 


16 1 


44 


i\ 


Eli Lilly 


769 


-5 8 


26 6 


Drugs 


147 


-120 


20 8 


186 


a 38 


26 6 


17 5 


J5 


■1-J 
46 


National Otstillers 


758 


-10 9 


41 4 


Alcoholic beverages 


58 


-49 1 


50 9 


7 7 


614 


35 9 


94 


46 


Farmland Industries' 


664 


-186 


11 8 


Agri supplies 


-8 


det 


del 


d'-! 


486 


29 3 


del 


47 


49 


Dow Corning 


603 


-82 


100 


Specialty ctiemicals 


SS'' 


-30 


100 


BO 


na 


nj 


nj 


48 


?1 


N.iico Chemical 


644 


-3 4 


100 


Specialty chemicals 


99 


-189 


100 


15 4 


465 


100 


21 3 


49 


53 


Merck 


644 


-30 


21 


Drugs 


60 


-16 1 


99 


9 3 


566 


18 6 


10 G 


50 


t33 


Kaiser Aluminum 


642 


-03 


22 1 


Nonlarrous metals 


44 


-53 


80 


69 


519 


14 2 


8 5 
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and all who did so ranked in size among the lower 50 



















Clwmlcat 


















Chsmlctt 








opwallno 






Chamica 








Ch«nlc*l 




Ml** ■* 








proltta u 




ld«nll 


ataata 


Oparillrte 






ul«« 


Changs 


% of 


Chain le*l 


ChariQ* 


% 01 total 


OpsraliTtg 


flabia 


% of 


■ atiirn on 


Rinii 


19E2 


iiom 


total 


lixtudrr opcritlnB 


frofTI 


opvailns 


p<o*H 


ctwmica 


lolal 


chamtcal 


tVti2 


isrr* Camilinr \% mlllNxM) 


1««1 


*my*m 


clauMlcsllan pradu" 


i»»i 


proina 


margin^ 


a*««1a 

$370 


■aaata 


aaasti' 


SI 


59 Esmark" 


S630' 


-3 0% 


16 6% 


Food 


$ 23 


-37 9% 


126% 


3 7% 


21 0% 


6.2% 


b2 


4/ Georgca-Pacillc 


626 


-149 


11.6 


Wood products 


75 


-49.7 


31 9 


11 9 


1025 


247 


7 3 


53 


SJ Bofg-Warnei 


613 


-7 7 


19.2 


Auto equipment 


52 


-15.4 


228 


85 


297 


17 7 


17.5 


•U 


54 Pennwalt 


531 


-9.4 


61.0 


Basic chemicals 


46 


-369 


61.7 


79 


438 


682 


t0,5 


ii. 


6a Standard Oil <Ohlo) 


554 


128 . 


4 1 


Petroleum 


-23 


det 


det 


del 


534 


33 


clef 


bi> 


50 Koppers 


535- 


-21 1 


33 8 


Diversified 


16 


-64 1 


25.4 


29 


327 


29 7 


4.7 


5? 


4 7 Sun Co. 


516 


-308 


3.1 


Petroleum 


na 


na 


na 


na 


na 


na 


na 


^3 


50 Uniroyal 


516 


-100 


262 


Rubber products 


42 


-46 8 


38 1 


e 1 


425 


36.6 


99 


fia 


I* Wilco Chemlcat 


513 


0.5 


39 3 


Specially chemicals 


39 


-192 


340 


75 


241 


36 4 


160 


■60 


58 Badlsche 


501 


-11 


1000 


Basic chemicals 


-8 


def 


del 


def 

na 


483 

na 


100 
na 


def 


61 


61 Alumtnum Co. ol 


493" 


-5 7 


10 7 


Nonferrous metals 


na 


na 


na 


na 




America 
























&? 


67 Kerr-McGeo 


438 


-100 


12.9 


Petroleum 


-10 


del 


def 


del 


656 


18 1 


del 


63; 


fi? NL Industries 


477 


-156 


21.5 


Petroleum services 


61 


-21.4 


21 4 


12 8 


307 


13 4 


199 


1*4 


65. Ail CO 


473 


-5 4 


41.7 


Basic chemicals 


na 


na 


na 


na 


na 


na 


na 


65. 


66 Caboi' 


471 


-4 \ 


31.0 


Specially meUls 


62 
-102 


-4.7 


30,1 


13 2 
def 


264 

331 


20 


23.5 


6b 


55 El Paso 


458 


-18.8 


10.7 


Natural gas 


de! 


det 


79 


del 


6; 


70 National Staich 


467 


3.8 


67,5 


Specialty chemicals 


na 


na 


na 


nu 


na 


na 


na 


&a 


M Inlernalionai 
Flavors 


448 


-0.7 


100 


Specially cheniicals 


104 


20 


100 


23 2 


43? 


100.0 


24.1 


t.'/ 


60 Freeporl-McMoRan 


435 


-21.4 


58.2 


Agricultural chemicals 


94 


-366 


130,6 


7^ e 


282 


17.0 


33.3 


70 


74 Polirsaf 


432 


9.4 


1000 


Basic ctvemlcais 


na 
9 


na 


na 


na 


na 
na 


na 
na 


na 


7 1, 


1 1 B«alfice Foods 


419 


-6 1 


4.6 


Food 


-857 


1-3 


2 1 


na 


i"^ 


1? Pdzer 


391 


-7 2 


11.3 


Drugs 


-1 


def 


def 


def 


42 1 


11.2 


dol 


n 


7 7 Liquid Air 


an 


13.4 


62 6 


Basic chemicais 


48 


5,1 


99,4 


129 


456 


84 8 


10.5 


M 


76 Internorlh 


Ml 


-7 6 


8 2 


Natural gas 


2 


-91 1 


1.0 


06 


na 


na 


na 


7h 


Henk»l 


475 


nc 


100.0 


Specialty chemicals 


na 


na 


na 


na 


na 

207 


na 


na 


;>,. 


PS H.B. Full«f' 


332 


0.9 


1000 


Specialty chemicals 


25 


-18.9 


100.0 


7,5 


100 


12 1 


f/ 


ii Ml&slssippi 
Chemical' 


326 


-4.6 


100.0 


Farm cooperative 


25 


-672 


100.0 


7.7 


375 


100 


67 


7B: 


,:.8 GAF 


311 


-4.6 


49 8 


Specialty ctiemicals 


50 


-11,5 


210-5 


16 1 


196 


41 5 


25 5 


>9. 


se T^ler 


302 


SO 


34.6 


Diversified chemicals 


12 


-49,8 


230 


3.9 


162 


35 


7.4 


feO 


S3 Rhone-Poulenc 

g!j Big Three Industries 


300 





100,0 


Specialty chemicals 


na 


na 


na 


na 


ria 
489 


na 

46 3 


na 


**' 


283 


69 


36 9 


Petroleum services 


80 


1 1 


47 5 


23 1 


16,4 


».^ 


%'i HouMon Natural Gas 


"- 278 


12 3 


a 7 


Natural gas 


32 


17 5 


B5 


11 5 


398 


170 


6 




91 Petrolite' 


275 


5C 


90.9 


Specialty chemicals 


48 


9,9 


91.0 


'? b 


161 


-'.u 3 


29 8 


1,4 


ao Terra Chemicals 


273 


-139 


100.0 


A^icuHural chemicals 


na 


na 


na 


na 


na 


na 


na 


S'j 


■ a Upjohn 


268 


-1? 3 


147 


Drugs 


-35 


def 


def 


def 


183 
na 


9 ' 
na 


dot 


a€ 


84 Vulcan Materials 


263 


-120 


36 5 


Nonmetallic minerals 


44 


-37,2 


49 5 


16 7 


na 


h; 


eS Emhart 


253 


-6 2 


14 8 


Machinery 


23 


-13 4 


12,7 


9 1 


105 


11 5 


22,0 


bH 


76 American Petrollna 


252 


-24 9 


112 


Petroleum 


-7 


del 


def 


def 


207 


19 1 


del 


69 


^2 Sollei 


250 





100 


Basic chiemtCals 


na 


na 


na 


na 


na 


na 


na 


^iJ 


V^ SCM' 


249« 


-5 5 


13.2 


Paint 


22 


-28.2 


26.8 


90 


273 


24 3 


82 


5rl 


'i5 Engelhard 


248' 


34 


12 3 


Specialty metals 


49 


40 


57.2 


198 


238 


31 5 


20 6 


9? 


- Chemed 


233 


-1 3 


93 6 


Specialty chemicals 


32 


43 


91.3 ■- 


135 


105 


63 3 


29 9 


'ij 


86 Martin Marietta 


222 


-19 7 


63 


Aero-space 


19 


-60 1 


119 


86 


239 


93 


79 


t,4 


D7 Loclite 


216 


12 


1000 


Specially chemicals 


26 


99 8 


100.0 


120 


200 


TOOO 


13.0 
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^@ Beker Industrie* 
98 Slepan Chemical 
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1 6 


100 
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-9 
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def 
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def 


%e 
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t 4 


100.0 


Specialty chemicals 


13 


-16,6 


100 


7 7 


5? 
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205* 


-133 


34.5 


Specially materials 


8 


-42 9 


227 


4 1 


'14 


32 ? 


7 4 


98 


■39 Getty 


202 


-1 


1 6 


Petroleum 


1 
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1 


05 


na 


na 


na 


&S 
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-3 


5 1 
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na 


na 


na 
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na 
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na 


1Q0 
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those chemicals or chemical products which are introduced into the environment 
and which can perturb the various "spheres" of the environment. It would not 
be possible to examine all potential chemical pollutants but a number of the 
broad classes will be noted in this chapter. 

AIL branches of chemistry depend to some extent of oasic chemical 
feeastocks which are used as key intermediates in the production of more 
specialized chemical products. The data listed in Table 1 summarize the top 
^0 chemicals in terms of production figures in the U.S.A. and these are similar 
to d world top 50 list. Some of these chemicals are themselves pollutants but 
for the most part they are the crude basic materials for more specialized 
products; e.g. if3, NHo - nitrogen fertilizers; //6, ethylene - polyethylene 
precursor; #13 propylene - polymers, #21, vinyl chloride - polyvinyl chloride 
precursor. A breakdown of the chemical production is shown in Table 2A-F and 
this shows a more comprehensive list of chemicals sold as inorganics, organics 
(including solvents and polymer precursors), specialty organics, fibres, 
plastics fertilizers, synthetic rubbers, coatings (i.e. metal oxides etc.). 
Again these Dasic chemicals are turned into a broad spectrum of products only a 
small proportion of which become environmental problems. 

The economic impact of the chemical industry is reflected in the sales 
figure for the top 100 American companies as summarized in Table 3; it is 
noteworthy that sales of all the top 36 companies exceeds 1 billion dollars per 
year with the chemical sales of the leader, Dupont (^. of Wilmington, Delaware, 
exceeding 10.8 billion dollars/year. Table J4 is a comparable industrial list 



*A11 the information shown in Tables 1-5 recently appeared m Chemical and 
Engineering News which periodically features these summaries to its readers. 
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which gives the sales of the world's leading chemical or chemically-related 
industrial companies (excluding those from the USA) and the magnitude of their 

sales is obvious. 

A summary of the Canadian chemical figures is given in Table 5 and most of 
the top 5 companies are branch plant operations of U.S. multinationals (e.g. 
Union Carbide, Dupont and Celanese). me data chemical export-import figures 
reflect a strengthened Canadian export position although both export/ import 
figures were lower in 1982. In the late 1970's all of the Common Market 
countries with the exception of Italy were net exporters of chemicals to the 
world and both Canada and Italy were net importers. Italy has maintained this 
trade imbalance whereas Canada is now a net exporter of chemicals. 

The impact of chemistry on the environment is not only reflected by the 
volume or amount of chemicals produced but by their diversity. Over 3 million 
chemicals have been described in the cheiTiic al literature and several hundred 
^ii^nd new chemicals are added to this list every year. It has been 
estimated that only 10,000 chemicals are used and size of this list is 
increasing at a rate of 50Q/year. About 300 new compounds enter the 
environment each year. What about the future of chemical production and its 
environmental impact? This can probably by illustrated by the following data 
predictions on the world production of organic chemicals. 

- total production (1950) - 7 x 10^ tons/year 
_ total production (1970) - 70 x 10^ tons/year 

- total production (1985) - 250 x 10^ tons/year (estimated) 
20 X 10^' tons per year enter the environment. 

Although a large portion of the total organics enter the environment each 
year only a fraction of this material contributes to major pollution problem. 
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'.vonLD TRADE; CKemical exports drop 



B, U.S. TRADE: Europe takes less, ships more 



Hi MIC/ L EXPORTS.. 
World 
U.S. 
Canada 



1M1 



1*72 



5124.500* S139,300» $147,392 $29 137 

19.891 21.18? 20,740 4.134 

3.475 4.002 3.519 639 



EC, 10 countries- t>U,//0 
bclglum-Luxembourg 5.925 

t ...nee 9.937 

Hilly 4.310 

Ne-lhei latvls 9,274 

[)K 8,872 

Wtiit Goiniany 19.994 



69.452 

6.477 
12,141 

5,214 
10,418 
10,831 
21,966 



76.710 

7,422 
13,249 

5,505 . 
11,288 
12,303 
24,318 



15.718 
1.564 

2.428 
1,222 
2.338 
2,404 
5,416 



i;-iJH7S, 



Switzerland 
Japdn 

l.-.iC.\L 

U.S. 
C»niida 



EC, 10 countries' 

t)t;lyiiif>»-Lu«f;niLiOLirg 

I r.iiioe 

Neltifcilriodb 

II K 

We'jl Gernuiiy 

Switzerland 
Japar^ 



b 440 
6,365 



5,505 
6.841 



5.680 
6,767 



1,525 
1,784 



9.494 
3.262 



9.446 
3,569 



8.594 
3,249 



2.015 
1.001 



48,852 
4.972 
9,889 
6.896 
5,373 
6,427 

11,624 



51,483 
5,235 

10,376 
7,020 
5,726 
7,260 

12.201 



57,075 
5,972 

12.169 
7,993 
6.393 
7,310 

13,314 



11,152 
1,213 
2.185 
1.564 
1,356 
1,630 
2,509 



3,208 
6.824 



3,226 
6,487 



3,648 

6,202 



833 

1 14a 



..■111 'II iTW'intioi 
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1.4.. in -^cKiiinmuiujb rMUcKicaHtela havft been «))<>s'.oa to rsfleci 
uuicoi: Liniiea riaiiofu. Oroartlisttan Ipi economic Coopsralloo i 
v,.Tuixji.iliei «-4^Tiwidwd1 counl/y data 
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U.S CHEMICAL EXPORTS. 

Canada 

W«stern Europe 

Ea»t«rn Europa 

Corrununl*! Atla 

Japan 

H*sl o( A*i« 

Middl* Eaal 

Latin America 

Au*lrataftla 

Africa 

Other 



$ 2.183 $ 2.478 $ 2.134 $ 693 



5,940 
366 
49/ 

2,530 

2,600 
533 

3,670 
655 
524 
393 



6.155 
347 
406 

2,349 

2,597 
517 

4.469 
778 
642 
449 



6.429 

88 

386 

1,964 

2,782 
459 

4.846 
645 
721 
286 



1447 

33 

2 

313 

348 

80 
906 
128 
108 

74 



TOTAL 



$1S.891 S21.1S7 $20,740 S4134 



U.S. CHFMICAL IMPOHTS_. 

Canada 

Wetlem Europe 

Eastern Europa 

Communltl Asia 

Japan 

Rest of Aela 

Middle East 

Latin America 

Australasia 

Africa 

Oilier 



$2596 $2916 $2494 $ 439 



4174 
151 
136 
879 
220 
99 
613 
286 
225 
115 



3931 
131 
126 
956 
197 
110 
669 
186 
117 
10V 



3953 
195 
107 
697 
163 

58 
536 
206 

62 
123 



940 

15 

2 

250 
26 
11 
62 
99 
17 

134 



TOTAL 

Sourcv: D«partm«nt or Convitwcs 



$9494 $9446 $8594 $2015 



THADh BY-PRODUCTS: Exports slump (or most categories 



1 MMIIuni _ 

OrgarvIC chemicals 

lr>Drganic chumicals 

Rddioactive and as&oclaled materials 

Djeing. lannlng. and coloring materials 

Pigments, paints, and varnishes 



IMedicinals and pharmaceuticals 
Flavors, perfumes, cosmetics, and tdletrtes 
Cleaning and polishing materials 
Fertili/ers, manulaclured 
Eipioslves and pyrotecttnlcs 



Plastics and resin* 
Pesticides and disinfectants 
Miscellaneous chemical products 
TOTAL 



Chemie*! nportt* 



1I» 



1SS1 



letp 



WT2* 



5,440 

1.969 

1,132 

162 

MS 



2.275 
514 
324 

1,386 
96 



3,650 

607 

2,010 

$19,891 



5,929 

2,286 

988 

175 

349 



5,697 

2,106 

833 

166 

304 



$1134 

414 

181 

57 

too 



2.165 
535 
396 

1.735 
90 



1.932 
479 

327 

2.265 

87 



474 
102 

93 
298 

28 



4SS2 



$2960 

1502 

1143 

213 

103 



"issT iseo" 



563 
295 

76 
963 

67 



$2974 

1573 

766 

226 

102 



583 

289 

74 

1181 

61 



$2541 

1324 

990 

195 

69 



509 
302 

72 
1105 

59 



3.809 

544 

2.187 

$21,187 



3,884 

553 

2,087 

$20,740 



696 

d 

556 

$41 34 



766 

265 

579 

$9404 



780 

283 

534 

$9446 



647 

264 

497 

$8594 



1972^ 



517 
426 
110 
114 
16 



149 
100 

14 
232 

21 



177 

d 

140 
$2015 
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I liR'i' sink.'s ,inj ilu' Cnii.uli.in chi-mic.il industrv vv.is 
i.Ul l.i->t \ iMi- 

Stnkr oin- \v,is thf worst roct'ssiun tluit C.in.ida hjs 
-.k'n Miui- iIh' Critit Di'pri'ssiun Strike two was a 
Ji-uniuin III world iii.irki-ts that the C.iividian industry 
drpi'iuis u(Hm lo so.)k up output fn>m the v\rorld-si\iie 
pLiiit^ th.il il h.i-< built in recent years Strike three wjs 
iju' n.itioM,)! i-nerf^y policies that drove up prices of iiil, 
iMlur.il j;,!'' ,ini.\ [letriichemical feedstocks when they 
v\ere derlinin;; virtually everywhere else in the world 

I lie result', were predict.ihle Sales were down Prolits 
urn down And production cutbacks struck across the 
|..i,,r,) Iriiili/er iriaterials, basic and interniediate pet- 
i,„ hrimc.ils. pl.istics, .^nii inorganics all felt the impact 

■I I he doiiieslic and worldwide economic slowdown 

I hemical e\poils dropped almost 1 2v; to S4 billion 

II .iii.hlianl Several chemical companies chalked up the 
\\ iirsi tm.uuiLiI results of their history, and at least two 
, >inpaiiies. I'etrosar .ind I'etromont, were on the verge 
. fI collapse witiiout government aid. 



Production of chemicals nosedives 

Index of volume," 1971 = 100 
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COMPANY RESULTS: Red ink for most firms 



% M<MIDni 

rCjn^tdiiifii 

Cl-L INC." . 
19B2 
198 1 
1900 

1979 



Income* 



Prollt 
margin 



Caplul 
■ >p*ndllur*i 



S 1059 8 
1149 9 

10042 

aaoo 



$15.2 
54,3 
51 5 
36.3 



1.4% 

4 7 

5 1 
4.1 



$85 5 
94 1 

84.4 



C.\ lANf.SE CANADA 

191)2 1, J2J 9 

1981 373.0 

1S60 3362 

1979 353.6 



(J5 61' 

20 4 5.4% 

24 2 7 2 

21.2 6.0 



$b9 8 
87 7 
55 1 
24.4 



DU PONT CANADA _ 

1982 i 980.0 

1961 1139 1 

1980 
1979 



POLVSAR 
1982 
1981 
1980 

1979 



S 1330 
1049.0 
11710 
1136 4 



(S30 5)'- — 

74.0 7.1% 

73 4 6.3 

220 1-7 



$207.0 

58.3 

86.2 

199 3 



UNION CARBIDE CANADA 

1982 S 691 3 ($17 91' 

1981 827.3 36 1 

1980 7948 79 6 

1979 685 9 57 8 



4.4% 
10.0 

e.4 



S 67.6" 

100.0 

58.9 

30 1 



Einp4Dyft«> 
Uhousandt) 



6-9 
7,8 
8,3 
BO 



34 

3,5 
4.2 
4,4 



($7.4r — $24.0 5-4 

33,5 2.9% 47.0 6.1 

995.3 426 4.3 53.2 5.9 

879 6 58.9 6 7 23 3 5.6 



6.6 
5,4 

6 1 

7 1 



4 5 
5.0 
5.0 
4.8 
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ijjn • i9fiO ctJf'iC'l dEjciuclest50 9m<ilio(isp«ilonPreniiM. Alu .elhylenegljcol 
,ri' pii.ii ^.-i:, >f.ifisfpne<I 10 .pnoihe* L'Mnjn Cubide suOLirtiafif 



TRADE BALANCE: Big gain for total surplus 



t MMll om (CMw dlan) 
Exports* 
ImfHKtf 
Trado t)alafice 



iBez 



i»ti 



$81,464 $81,203 
67,355 79,129 
14.109 2,074 



l»eo 

$74,446 

69.274 

5.172 



i»r» 

$64,317 

62.871 

1,446 



tSS7 


1SS1 


leao 


1979 


$4073 


$4606 


S4056 


$3322 


3584 


3814 


3354 


3240 


489 


791 


702 


82 



Lower exports hurt chemical surplus 

$ Mlllloiw (Cunatlliin) 

Etporls" 
Imports 
Trade batanc« 

1 Domesllc eipwls fny Soiiic»: Staiiaics Catwidj 



PRODUCTION: Cutbacks almost everywhere 

Ch ftrtgo 

i»ei-8a 



Thou*«nd ol m«1rlc l ona 

Ammonia, antiydrous 
Ammonium nlUate 
Ammonium phosptiate 
Benzene 

Chlorine 



I 

f98Z 



1981 



19B0 



2609 

1018 
888 
504 

1233 



2654 
1212 
1355 
571 
1292 



2555 
873 

146G 
604 

1303 



1979 

2405 
914 

1336 
492 

1031 



-16 

- 34 

-5 



Ethylene 1013 1330 

Hydrochloric actd 135 186 

Phosphoric acid, 100% 9fi^ 503 744 

Poiyeslers, unsalurated 19 26 

Polyelhyene 571 633 



1184 1014 -24 

177 154 -27 

808 748 -32 

27 32 -27 

641 628 -10 



Polystyrene 133 123 110 124 8 

Polyvinyl chloride 194 222 190 145 -13 

Sodium chlorate 264 251 245 224 4 

Sodium hydfoilde 1367 1458 1459 1138 -6 

Sullurlcacld. 100% 3131 4117 4295 3666 -24 

Urea 1231 1303 1274 1212 -6 

Sourc*- Slatishcs C3i..fKia 
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Polymeric waste material is disposed of in landfill or garbage dumpsites, many 
small molecular weight solvents are rapidly biodegraded to harmless non toxic 
products and this is also the case with many pesticides, nitmgen fertilizers, 
etc. Thus the effects of chemical pollutants are directly dependent on their 
structures and their relative stability in the environment. A useful 
classification of pollutants is shown belnw. 

A) Non Persistent Pollutants 

-rapidly biodegradable or photodegradable to harmless non toxic by 

products . 
-these chemicals present problems when used carelessly since their 

effects are usually manifested immediately on the target organism, 
-examples are the organophosphate pesticides. 

B) Medium Level Persistent Chemical Pollutants 

-these chemicals can have variable environmental half-lives but are 
sufficiently stable to exert some effects on the environment prior to 
their decomposition. 

-examples are the hydrocarbon oil pollutants and possible some 
detergents . 

C) Persistent Pollutants 

-chemicals which are environmentally stable a^d are only slowly 
degraded m the environment. 

-many of these compounds are lipophilic and as a result are 

bioaccumulated in higher trophic levels of the food chain and stored 

in fatty tissue. 

-examples are the polychlorinated biphenyls, DDT, mirex, kepone, 

dieldrin, aldrin, organomercurials; other halogenated hydrocarbons. 

The direct and indirect entry of pollutants into the environment and their 

subsequent translocation within the ecosystem is illustrated in Figures 1-3. 
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In addition, the following broad classes of chemicals which have become major 
environmental problems. These include: 

1) pesticides 

2) food additives 

3) nitrogen fertilizers 

4) halogenated hydrocarbons 

5) oil pollutants 

6) solvents 

7) detergents 

g) industrial compounds (PCB, PBB) and plasticizers 

f) combustion induced gases, smokes and hydrocarbons 

These classes include persistent, medium persistent and biodegradable 
chemicals which are associated with diverse environmental problems and may 
c<^ntribute to adverse human health effects. 



/ 
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'— ' CMCl, 



p , p ' - DDT 



0,p' - DDT 



p,p' - ODD 



CHCI, 






ecu 



, p ' - DDD 



p,p' -DDE 



o.p' -DDE 






Toxaphene Components 



a 




Hexachlora benzene 



Lindane 



Polychlorinaced 
Biphenyls (PCS) 



Persiscenc Chlorinated Pollutants - Pesticides and Industrial Compounds 
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O J O5 




o 



Aldrln 



Isodrin 



Dieldrin Endrin 



o a 



a 




a^^i^-J-- 



a o 





Nonachlor trans-Chlordana cia-Chlordane Heptachior 



■^ 



a o 





Chlordene Heptachior Epoxide I - Endosulf an II - Endosulfaa 



CI 



CL 

u 




Ct. 



Ct 
CI I /"CI 
CI 




Mirex 



Kepone 



Persistent Chlorinated Pollutants - The Hexachlorocyclopentadlene 

Derived Insecticides 



bf omioe compounds 
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BEPBESENTATIVE FLAME RETAEOANTS 




■CHj 



-a} 



Bf 




Bf 






t^^entahfomophenoiyl-pro- 
pencCZJ 



Tetrabfomophthalic anhydride 



2^-0ibromoterep^tl^a^ic 
acid 



Pent abromochlorocyclo- 
hexane 



^Bre^o Polybromobiphenyl* 




Polybromodiphenyi ether? 




Tetrabromobi^phenol A 






Hcxabronwc^lododecan* 



BrCH2afirO420CCH>OHCD0H Mono>2,3-dibfomopfOpirl 

maleate 




CH2ar 



CH3 2^-6is-Gi-(2;3 dibromopropojv)- 

3^ dibromopheriYlJ -propane 

6CH2CMafCH2ar 




PoJybromobenjefe5 




2^,S-Tribronnopheriyl acrtate 




^5 



Polybromophenoti 




2^,6-Tribromophenoiy-?J-dibromcj- 
proparte 




P 

& 



Pen t abf ome toluene 



•I 
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chlorine eompognds 



Ooran 




l,5-BisCcfilorendo)cydo- 
octane 




°^^ 




Mirei 

(Dechlorane) 



QUorefKjic anhydride 
(HET anhydride;) 



CnHn.jCln CWoroparaMinS 



phosphorous compounds 



9^ 

ESrCHzCHaCH^O-P-O 



(BrCHjOIBrCKjO^P-O 






MonoC2;3-dibromopropyO phos- 
phate 



■°^ 



.pH3 Tricresyl phosphate 



Xo D' (2;3-dibromopropyl) phosphoro- 



chJoridate 

TrisCz^-dibromcpropyl) pbos- 
phate 

Tri5(l,3-dichloroisopropyl ) 
phosphate ^ 



CH^O- 



•P-0 Tri5(2-bromo-4-fne(hylphenyl) 

phosphate 



i>l 



P-O 



TflS-azifidinyl phoSphorouS Ciide 
(APO) 



fcH3CH2O)j-P-CH2NCCH2CH20H).^ 0,0-d«e(N/!-N,N-b,^(2-hydroiy- 

ethyl)dminomethyl phcs- 
phonate 



• 



•. 



methylchlorlde 



methylene chloride 



ClICl, 



chloroforiD 



CCl, 



carbon tetrachloride 



CH Br 
methyl bromide 



CHjBr^ 
methylene dibromldc 



CHBr, 



brotnoform 



CBr, 



carbon tetrabromlde 



af2BrCl 
broBiochlorome thane 



CHBr^Cl 
chlorodlbrooiomethane 



aiBrCl, 



bronodlchloromethane 



CCljBr 
d Ich lorod IbroBomc thane 





HxCly 

Cc - c) 


chloi 


rinated ethanea 




CHj - CHCl 



vinyl chloride 



HxCly 
chlorinated alkanes 



CI, 



Cch-ch") 

/^Ichloroethylenes 



HxXy 

-r 

halogenated alkanes 



CCI2 - CHCl 
trlchloroethylene 



CFCI3, CF^Clj 



freons . 



CCI2 - CClj 

tetrachloroethylene 



o 



Balogenated Hydrocarbon Pollutanta - Induatrlal compounds and Intermediates, solvents. 
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(CHj), 



(CH3). 




tCH3)n 



alkylated aromaclca - examples of crude oil "water soluble" pollutants 



.0 




phthalates phenollca & ethers 
(plasclcizers) . (e.g. food additives) 




CI. 



-^^^ 



chlorinated dibenzofurans and dlben2o-£-dioxins 
(highly toxic impurities in sone industrial 
products) 



OH 






ci. 



chlorinated phenols 
(industrial Inter- 
mediates) 



m-i 



R (alkyl) 




CI, 




chlorinated anilines 
(industrial inter- 
mediates) 



SO3 
(anionic detergents) 



Aromatic Pollutants 
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CP Oi) CD CcO 

Indene Acenaphthylene Acenaphchene Fluorene 

OX) ^ Q^; ^ 

Anthracene 1,2-Ben2ofluorene 2 ,3-Benzofluorane Fluoranchene 



^ . 0X0 ' ccf^ 

Pyrene ' 2 ,3-Ben2anthracene Chrysene Triphenylene 






^ 




) 



* 



Ben2o[a]pyirene Perylena Ben2o(ghilpecylene 1,2 ,3,4-Diben2anthracene 




aS^ 




* Plcene OvaXene 



1,2,5, e-DLbcnzanchracene Pentacene 



Representative Polynuclear Aromacic Hydtocarbons—pollucants formed on the 
combuscioa of organic materials. 

* carcinocenic 



- 23 - 



ENVIRONMENTAL SAMPLING AND ANALYSIS 
FOR TOXIC ORGANICS 
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ENVIRONMENTAL SAMPLING AND ANALYSIS 
FOR TOXIC ORGANICS 



The previous paper provided an overview of the chemistry of 
organic toxics. We will now examine the requirements for investigating 
these compounds in the environment, the problems that this investigation 
can cause for the analyst, and some of the technology used to solve these 
problems. The analyst may be asked the general question - 

"What organic chemicals are present in a specific environmental 
compartment, and which of them are toxics?" 



Is compound A present, at what level is it at present, and what potential 
for human exposure does its presence have? 

Question one is usually a difficult one to answer welL 
Methodology must capture and detect as wide a range of compounds as 
possible, and thus is generally a compromise, allowing many compounds to 
be detected, but not being optimized for accurate measurement of any one. 
On the other hand, methods for specific toxics can be optimized for 
precision, accuracy and confidence of identification prior to use. Tliey will 
generally give more reliable data. It is this area on which I will 
concentrate in this presentation. 

What makes environmental analysis for organic toxics 
difficult? Most of the problems can be reduced to 4 points:- 

1. Sample Complexity 

2. Contaminant Concentration Range 

3. Variation in Toxicity of Different Contaminants 

4. Reactivity of Target Contaminants 
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1. Sample Complexity 

The environment acts as a sink for industrial and natural 
organ jcs. Currently, there are over a million known organics. An 
environmental sample extract frequently contains hundreds, if not, 
thousands of these organic chemicals. ITiese can range in concentration 
for percentage levels, down to parts per trillion or below. Today's 
toxicologist has the tools and expertise to detect biological injury such as 
gene damage, neurotoxic effects or carcinogenicity caused by extremely 
low levels of toxics. Progress in this field has been accompanied by a 
general and rapid lowering of the ac ceptab lejiuman exposure levels for 
toxics. In the 1960s, an acceptable guideline for DDT levels in fish for 
human consumption was 5 ppm. During the 1970s a Mirex guideline was set 
at 0.1 ppm and in the 1980s, the extreme toxicity of 2,3,7,8-TCDD has 
necessitated a guidelines of 20 ppt. The analyst has thus been asked to 
lower his detection limit from parts per million to parts per trillion, and to 
specifically isolate, detect and quantitate a single trace organic toxin in 
the presence of thousands of other compounds, in concentrations up to 10 
million times higher than that of the target compound concentration. 
Many other pollutants have similar chemical and physical behaviour to the 
target compound and must be quantitatively removed before accurate 
analysis is possible. For example, Great Lakes fish can contain PCBs at 50 
parts per million, chlorinated pesticides of up to 5 ppm, and ppm levels of 
other chlorinated organics, all of which can interfere with dioxin analysis 
especially if the dioxins must be determined at the 0-100 ppt level. 

2. Toxicity ■' 

Specificity in trace organic analysis is also crucial if a given 
family of organics has a significant range in toxicity. TCDDs - Figure 1 
shows the general structure of the dioxin molecule. Addition of 4 chlorine 
dioxins produces tetrachlorobenzo-p-dioxins, a family of chemically 
identical compounds with minimal structural differences, but a range in 
toxicity of up to 10,000 from lowest to highest. (See Table 1). If the 
analyst fails to separate and properly identify the 22 isomers prior to 
qualitative, major errors can result in identifying potential health risk. 
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TABLE 1 



COMPARATIVE TOXICITIES OF TCDDS 



Compound 


LD50 (Rat 




(mg/kg) 


Unsubstituted Dioxin 


> 1000 


1,2,3,4-TCDD 


> 1000 


1,3,6,8-TCDD 


>. 100 


2,3,7,8-TCDD 


0.04 


(2,3,7,8-TBDD) 


- I.O 


OCDD (8) 


= 2000 
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3. Reactivity 

Trace analysis for oi^anics is also rendered more difficult by 
their reactivity and voIatiUty. Sampling and analytical methods for 
organics must avoid any treatment which can alter the structure of the 
target compound. The wide range of volatility and chemical activity of 
organics makes this a difficult task. 
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SAMPLING AND ANALYSIS PROGRAMS FOR 
TOXIC ORGANIC POLLUANTS 



With the above concerns in mind, what features are necessary 
for a sampling and analysis program that will provide useful information on 
the potential for human exposure to a specific organic toxicant? Features 
of such a program include: 

A. Program Design 

B. Sampling and Sample Preservation Methods 

C. Sample Processing and Analysis 

D. Data Quality Assurance 

E. Data Interpretation 

F. Program Feedback 

A. PROGRAM DESIGN 

Proper program design requires the following components: 

1. Parameter Definition 

2. Definition of Enviornmental Interaction and Human Exposure Potential 

3. Understanding of Sampling Level Required for Statistically Valid Data 

4. Cost 

1. Parameter Definition 

Precise definition of the parameter to be measured is 
essentiaL In the case of dioxin analysis, does the program require analysis 
for "Total dioxins", "Total TCDDs" or 2,3,7,8-TCDD. Treated drinking 
water can contain Trihalomethanes, chlorinated compounds (precursors) 
which can break down during storage and/or analysis to form additional 
THMs and non chlorinated precursors, which can react with residual 
chlorine to form chlorinated precursors and thus more THMs. Thus, in a 
program for the analysis of Trihalomethanes in drinking water, should the 
result reflect THMs at time of sampling, total of original THMs and THMs 
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from chlorinated Precursors, or "Terminal THMs", the sum of original 
THMs, THMs produced from chlorinated precursors, and THMs from the 
reaction of non chlorinated precursors with chlorine residual? If these 
definitions are not made prior to program implementation, incorrect 
sampling and analysis methods and poor quality data will result. 

2. Matrix Interaction and Human Exposure Potential 

Later in this seminar you will hear how knowledge of the 
chemical and physical properties of a chemical can be used to predict its 
probable movement in the environment. This modelling approach allows 
the program designer to predict in which environmental compartments a 
toxicant will concentrate. This type of information can indicate if and how 
human exposure is possible. Is it a toxic soluble, and could it pass through 
water treatment processes into drinking water? Does it have potential for 
bioaceumulation in fish, with resultant human consumption. Is the 
contaminant mainly an atmospheric pollutant? If so, is human exposure 
through vapor inhalation or are inhalable particulates the main vector for 
human exposure. A proper study of molecular structure, solubility, 
volatility and other properties can give excellent indications as to how a 
monitoring program should be designed. 

3. Sample Size 

In deciding on a sampling program, it is important to know 
how many samples it is necessary to take to properly represent the 
distribution of a toxicant in a specific environmental compartment. To 
obtain a representative sampling of say a fish population experience 
indicates that 1 or 2 samples are of little use, and at least 20 individuals 
are necessary to show distribution and mean contaminant levels for the 
population. 

As a fish grows and accumulates organic pollutants, the range 
of concentrations gradually spreads out as shown in Figure 2. Thus, for 
very young fish, one or two individuals may well represent the population 
concentration, but after 4-5 years, especially for top predators, you require 
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FIG. 2 
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many more measurements to reflect the population range. Similar 
problems are encountered in sampling the water In a river for pesticides. 
Changes in flow rate and suspended, pesticide-carrying sediment can 
create an order of magnitude difference between samples taken in mid 
stream or near the bank. 

4. Cost 

One major criteria in controlling the scope of an organic 
sampling program is analytical cost. Trace organic analyses are relatively 
expensive, ranging from $30-$40 for a high volume analysis, such as PCB in 
fish, up to $1,000-$2,000 for a dioxin/furan analysis on fly ash. Due to the 
difficulty of trace organic analyses, laboratory capacity must also be 
considered. 



B. SAMPLING AND SAMPLE PRESERVATION METHODS 

Once the program is properly designed, suitable sampling and 
preservation methods must be selected. The methods may take grab 
samples, integrated grab, or achieve continuous integrated collections. 
Adsorbent tubes may be used to collect airborne vapors or to extract 
organics from water. Air filters, water centrifuges or dredges may be used 
for airborne, waterborne or sediment particulates. Specific collection 
protocols are available for biological samples. 

The samples must be representative of the matrix 
distribution. The sampling method must be able to provide a large enough 
sample for adequate method sensitivity. Pesticide scans on water require 
only 1 litre, whereas dioxin analysis requires 20 litres. Mutagen testing 
requires up to 500 litres to be concentrated. Hi-Vol sampling of air 
particulates uses up to 10,000 m . The methodology must ensure: 

1. Sample integrity during sampling 

2. Sample preservation after sampling 
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1. Sample Integrity 

A most important aspect of sampling is the maintenance of 
sample integrity during sampling. The sample must be protected from 
leases during sampling and from contamination from the sampling device. 
Sampling devices must be constricted of inert materials which do not 
contaminate the sample, do not react with the sample, and do not adsorb 
materials of interest from the sample. Glass, tefbn and stainless steel are 
the only materials recommended for this construction. Plastics, rubber and 
lubricants and other synthetics must be avoided. Adsorbent materials such 
as, Tenax, XAD-Resins for use in adsorption cartridge samplers must be 
thoroughly cleaned and checked for blanks before use. Particular concern 
is necessary to ensure that such adsorbents will not react with the sample 
or sample matrix to cause problems. (Tenax can react with ozone to form 
artifacts). The sampler must be checked for sampling efficiency. 
Adsorbent tubes and impingers must be checked for trapping efficiency and 
capacity at various concentrations of target compound, various typical 
flow rates, and in the presence of particulates. Grab samplers for 
volatiles must not cause losses during sampling. 

2. Storage and Preservation 

Once the sample is taken, it must be properly preserved and 
stored prior to analysis. Organics have a wide range of chemical and 
biological activity. Many pollutants can disappear if the sample is left 
open, exposed to bacteria, sunlight, or heat. Compounds which are stable 
under anaerobic conditions such as lake bottom sediments may degrade 
rapidly if exposed to air. Biological activity is also a problem in stored 
tissue samples. Without the addition of biological inhibitors (mercury salts, 
acids) even persistent materials like DDT can suffer significant losses 
during storage in frozen tissue homogenate. 
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C. SAMPLE PROCESSING AND ANALYSIS 

The analysis of a sample for an organic toxicant usually 
comprises of 4 steps: 

1. Isolation in which the target compound is removed from the sample 
matrix. 

2. Clean-up in which the bulk of co-extracting natural organics are 
removed. 

3. Separation in which the remaining mixture of organic pollutants is 
separated into chemical classes suitable for final analysis step and 

4. Analysis in which these elases are separated into individual compounds, 
and each compound is detected, identified and quantitated. 

The first three steps are specifically optimized to remove 
potentially interfering materials prior to analysis. 

1. Isolation 

The main purpose of this step is to remove extractable 
organics (including the target compound) from the matrix. Inorganic 
analysis allows severe digestion conditions to be used to break down the 
matrix. However, similar conditions must be avoided for organics due to 
their reactive nature- Matrix effects are therefore important in organic 
trace analysis. The compound of interest is often found tied up in the 
structure of biological tissues, strongly adsorbed to soil surfaces or even 
incorporated in an inorganic material such as fly ash. Even the recovery of 
trace from sample matrices such as water can be difficult if the organic is 
very soluble. 
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AIR 



TA BLE 2 ISOLATION METHODS 
WATER 



Cartridge Adsorption 
VOLATILES Impingers 

Bags 



Gas Stripping 
Head Space 
Extraction 



SOLIDS/ BIOLOGICAL 

Extraction 
Thermal Desorption 



Hi-VOL Filter 



NON 
VOLATILES 



Cartridge 
Adsorption 



Solvent Extraction Solvent Extraction 

Soxhlet 

Ultrasonic 

Steam Distillation Shaking 

Resin Adsorption Steam Distillation 
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Table 2 illustrates some of the methods used for 
extraction/isolation of volatiles and non volatile organics from 
environmental matrices. Volatile organics are collected from air using 
adsorbent cartridges, impingers, or gas bags. They can be recovered from 
liquid samples by gas strippii^ (purge/trap) head-space sampling, or 
sometimes by solvent extraction. Efficiency of volatiles removal from 
liquid scan be very dependent on the makeup of the liquid sample since 
purging or vaporization is slow and inefficient from very viscous liquids, or 
liquids with high solubility for the target compound. Volatiles in solids or 
biological samples are frequently recovered by thermal desorption into a 
gas stream, from which they are further trapped. This process can alos be 
relatively inefficient due to slow diffusion and mass transfer out of the 
bulk of the matrix. 

"Non volatile" or "semi-volatile" organics are recovered from 
most matrices by solvent extraction. Air samples often contain these 
materials in vapor state or adsorbed on particulates. The vapors are 
trapped on filters or cartridges or in impingers, the particulate adsorbed 
materials are collected in Hi-Vol filters. Organics are then recovered from 
these devices using solvent extraction. 

Isolation from water or other liquids is achieved through 
direct solvent extraction, or adsorption of the organics on a resin cartridge 
followed by solvent extraction. 

Particulate samples, e.g. soils, sediments and fly ash often 
provide the most difficult matrix for organic extraction. Soils, sediments, 
fly ash have strong adsorptive affinities for organics and bind them very 
strongly. Quanitative recovery is frequently impossible, even after 
vigorous pretreatment (acid treatment, ultrasonic) and extended solvent 
extraction spiked. Samples used to check organics recovery seldom give a 
real measure of recovery for natural residues, since the latter are 
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thoroughly incorporated into the matrix structure. Methods used include 
continuous extraction with hot mixed solvents, ultrasonic solved extraction 
and even steam distillation. Extraction of biological samples (plants, fish, 
insects, etc.) usually requires disruption of the cell structure to release 
organic pollutants. Grinding, ultrasonic disruption, cold acid digestion, 
each followed by solvent extraction are frequently used for isolation of 
organics from this type of sample. 

2. Cleanup 

Cleanup steps are designed to remove the bulk of the co- 
extracted natural organics from the sample extract. In the case of 
volatiles analysis this is frequently neither necessary, nor practical due 
potential losses during handling. So-called "Non Volatile" organics, on the 
other hand, frequently cannot be analysed without thorough cleanup. 

A range of cleanup techniques are available. Table 3 lists 
some of these techniques. 

Liquid/liquid partition between appropriate solvents can be 
used to leave natural organics in one liquid phase whilst transferring 
compounds of interest to another phase or solvent. Adsorption 
chromatography places the sample extraction on a column of adsorbent 
such as florisil, alumina, charcoal. Selective solvent elution is then used to 
leave behind the natural organics whilst recovering the compounds of 
interest in the eluate. 

Steam distillation can be used to remove smaller (PCBs, 
pesticides) organics from relatively non volatile natural fats and waxes. 
Molecular size separation (gel permeatian) separates and cleans up by a 
size fractionate method. This type of cleanup is illustrated in Figure 3. 
The bed of gel material has pores of a very specific size and shape. The 
sample extract is placed on the column and pumped through using a solvent 
stream. Large molecules cannot penetrate the small pores in the packing, 
and are rapidly carried through the system by the solvent flow. Smaller 
molecules penetrate the pores and are slowed down, effecting a separation. 
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TABLE 3 CLEANUP METHODS 



LIQUID/ LIQUID PARTITION 
ADSORPTION COLUMN CHROMATOGRAPHY 



Florisil 
Alumina 
Charcoal 
"Sep-Pak' 



STEAM DISTILLATION 



MOLECULAR SIZE SEPARATION 



Gel Permeation 
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FIG. 3 
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3. Separation 

The mixture of organic pollutants left in an environmental 
sample extract after cleanup is still complex. It often contains hundreds 
of discrete compounds, ranging in amounts from micrograms to picograms. 
These need to be further separated into simpler chemical groups or classes 
suitable for final analysis. Table 4 lists some of these techniques used 
including chemical reaction, adsorption column chromatography, and 
various high resolution liquid chromatography methods. 

An example of this type of problem is the analysis of fish 
samples for dioxin. 

Great Lakes fish contain PCBs up to 50 ppm, chlorinated 
pesticides up to 5 ppm, mirex, chlorodiphenyl ethers, methoxy, 
chlorobiphenyls. Dioxins must be analysed in the complex mixture of 
chlorinated compounds in amounts of only a few picograms. Many of these 
compounds cause severe interferences in the analysis of dioxins at the 
parts per trillion level and must be separated prior to analysis. Because of 
the difference in concentration at least 99.9999% of the interferences 
must be removed. Table 5 shows the type of cleanup and separation 
necessary to achieve this. 

The sulphuric acid column removes oils and fats, etc. 

TTie first alumina column removes the residual natural 
organics, pesticides and 80% of the PCBs. 

The silver nitrate column removes sulphur and unsaturated 
compound. 

The second alumina removes 19% more PCBs and other 
chlorinated compounds. Reverse phase HPLC removes the last of the 
PCBs, and permits some fractionation of dioxins. The normal phase HPLC 
permits a fraction with approximately 4 TCDDs including 2,3,7,8-TCDD to 
be recovered. "Hiis is now suitable for analysis by high resolution capillary 
GC/MS. 
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TABLE 4 SEPARATION METHODS 

CHEMICAL REACTION 

ADSORPTION COLUMN CHROMATOGRAPHY 

HIGH PRESSURE LIQUID CHROMATOGRAPHY (HPLC) 
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TABLE 5 DIOXIN CLEANUP SCHEME FOR FISH 



STEP 



PURPOSE 



Extraction 
Acid Digestion 



Breaks Matrix 
Permits Cleanup 



Cleanup 
H2S04/Silica 



Removes Fats & Oxidizables 



Separation 

Alumina 

Ag N03 (Silica) 



Removes Pesticides + 807o PCBS 

Removes Sulphur Compounds 
and Unsaturates 



Alumina 



Reverse Phase HPLC 



Removes 207c PCBS 

Removes Residual <\X 
PCBS/Fractionates Dioxins 



Normal Phase HPLC 



Final Dioxin Fractionates 
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4. Analysis 

Isolation, cleanup and separation have now hopefully 
produced a suitable extract for final analysis. The final analyses of these 
purified extracts is normally carried out using some form of instrumental 
measuring device. Whilst a wide range of instrumental systems are 
available for this step, I will only cover the use of a few of the more 
common systems in this presentation. 

Trace organics analysis system in MOE's laboratory usually 
comprise of a final separative step such as gas or liquid chromatography 
coupled with some type of detection and quantitation device - the 
detector. Table 6 outlines common separation and detection steps for 
trace organic analysis. 

Separation 

The separative step has the purpose of resolving the 
remaining mixture and presenting individual compounds to the detection 
system for identification and quantitation. These steps are usually some 
form of chromatography. Chromatography, whether it is gas or liquid 
chromatography uses a mobile fluid - (gas or liquid) to carry the sample 
mixture through a tube containing an adsorbent materials, which may be 
liquid or solid. Individual compounds interact differently with this material 
and are retarded to different extents, thus causing a predictable 
separation. The retention time of any individual compound under 
controlled chromatographic conditions is extremely reproducible and is 
normally used as one of the main identification tools in routine trace 
organics monitorir^. 

Classical GLC and HPLC used relatively low resolution short 
(1 ft. - 6 ft.) columns. These are packed with porous support material 
carrying a stationary liquid phase, either coated or bonded to its surface. 
It is this liquid which caused the selective separation effect. The need for 
more reliable trace analysis has caused analysts to move to systems with 
much h^her resolution -capillary columns. These narrow, long (10-100 
metre) tubes have the adsorbent material (liquid) coated or bonded to their 
inner surfaces. Resistance to fluid flow is low, and resolution is greatly 
enhanced. 
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TABLE 6 ANALYSIS METHODS 



SEPARATION 
STEP 



General 



Gas * Flame Ionization 
Chromatography Thermal Conduct 

Photoionization 



HPLC 



Refractive Index 
Flame Ionization 



DETECTION STEP 

Selective 

Electron Capture 

Hall 

Flame Photometric 

Thermionic 

Electron Capture 



Tuneable/ 
Structural 

Mass Spec 

FT/IR 

Microwave/PlaSma 



Mass Spec 
Infra Red 
Ultra Violet 
Fluorescence 
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The need for and use of this enhanced resolution can be seen 
in this analysis of PCBs in ambient air. The sample is collected on florisil 
cartridge, extracted, cleaned up and chromatographed using Electron 
Capture GC. The original GC method used and packed column 
chromatography gave the trace shown in Figure 4 A. There are still a large 
number of interferences in this area of the chromatogram. The more 
recently introduced capillary columns on the other hand allow us to resolve 
many of the interferences and get the chromatograph in Figure 4B. Use of 
2 capillary columns simultaneously allows even more interferences to be 
resolved -some on one column - some on another. This "Dual Simultaneous 
Capillary" method for PCB in air analysis was developed at MOE by Dr. 
Eugene Singer of Air Resources Branch. The effect of its use on the result 
of an analyses for PCBs in air is shown in Table 7. PCBs by packed column 
gave high results. A single capillary column gave a lower result, and dual 
simultaneous capillary column analysis gave a lower result still. 

Detection 

Once the final extract has been separated by GLC or HPLC 
into its components, a detection system is needed. A chromatographic 
detector should have a stable, and predictable response which is 
proportional to varying concentrations of organics, so that target 
compounds can be quantitated. Some degree of detector selectivity or 
specificity is also desirable to improve identification capability. The Table 
6 shows some of the detectors in common use for GLC and HPLC. A brief 
description of the modes of operation of some of the more common 
detectors can be found in Appendix L 

General detectors respond to most organics and can be used 
to give a total picture of compounds emerging from the chromatograph. 
However, they have no specificity or selectivity, and thus can give no 
structural information on the identity of a peak. 
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FIG.AA PCB ANALYSIS OF AIR SAMPLE 
PACKED COLUMN 







FIG. 4B PCB ANALYSIS OF AIR SAMPLE 
CAPILLARY COLUMN 
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TABLE 7 COMPARISON OF AIRBORNE PCBS MEASUREMENTS (ng/mB) 



SITE 


PACKED 
COLUMN 

317 


SINGLE 
CAPILLARY 

11 


DUAL 
CAPILLARY 


NA SI-11-1 


3.3 


NA Sl-12-17 


4A 


1.0 


0.7 


MO SI-Rl-4 


33 


2.9 


0.1 


SAR SI-11-2 


1615 


4.3 


2.1 







FIG. 4B PCB ANALYSIS OF AIR SAMPLE 
CAPILLARY COLUMN 
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TABLE 7 COMPARISOM OF AIRBORNE PCBS MEASUREMENTS (ng/in3) 



SITE 


PACKED 


SINGLE 


DUAL 




COLUMN 
317 


CAPILLARY 
11 


CAPILLARY 


NA Sl-lI-I 


3.3 


NA SI-I2-17 


44 


1.0 


0.7 


MO Sl-Rl-4 


33 


2.9 


0.1 


SAR Sl-11-2 


1615 


4.3 


2.1 
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Selective detectors - electron capture, flame photometric, 
thermoiiio, on the other hand, respond only to compounds containing 
specific elements or classes of element. Tlius. a phosphorus selective 
flame photometric detector is useful in selectively detecting 
organophosphate pesticides. 

Tuneable, structure specific detectors such as, mass 
spectrometer, or Infrared, Ultraviolet or Fluorescence Spectroscopy can 
give information on the actual molecular structure of a compound and. in 
the case of Mass Spectrometry, can actually fully identify this structure by 
fragmenting it and examining the fragement patterns. The Mass 
Spectrometer, which gives unique identities to peaks, would appear to be 
the system of choice for accurate qualitative work for all chromatc^raphy 
systems. Unfortunately, mass spectrometers are still extremely expensive 
in comparison with other detectors, they are difficult to automate and 
operate for routine monitoring, and are less reliable in terms of 
quantitative response. Normal monitoring programs for trace organics 
usually use one of the less specific but more routinely applicable detectors 
such as, Flame Ionization, Electron Capture for GLC, Ultra Violet 
adsorbance or fluorescence for HPLC. We thus have to sacrifice some 
degree of specificity for practicality. This type of compromise is 
frequently necessary in the selection of many steps in the organic analysis 
process. The compromises made imply something other than perfection in 
the design of the sampling and analytical method. The variability 
introduced by these compromises lead us to our next concern - the quality 
of data produced by these methodologies. 
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D. DATA QUALITY ORGANIC TOXICANT ANALYSIS 

This outline of the difficulties encountered and compromises 
necessary in an environmental analysis for organic toxics shows that the 
complexity of the process can introduce many variables into the final 
measurement. The degree to which these variables cause differences 
between the "true value" and the measured result, and variations in this 
measured result is what has to be determined and controlled in a Data 
Quality Assurance program. Such a program is particularly important when 
the data produced is to be used to assess potential human health hazards. 
TTje ideal situation for an environmental analysis is when the final result 
matches exactly the original concentration of target compound. This 
requires: 

(a) 100% recovery of analate during sampling and analysis 

(b) Complete resolution of analate from interferences 

(c) Unequivocal identification of analate 

(d) Quantitation of analate against a completely stable and 
predictable instrument response curve, with a unique 
response to the target analate 

In reality, none of these objectives are completely 
achievable. The reasons for this are partly unavoidable since they are due 
to the properties of the sample and target compounds. Partition 
coefficients, volatility, irreversible adsorption, sequestering by 
biomaterial, etc. make it all but impossible to recover 100% or even an 
exactly reproducible quantity of a naturally incurred toxic from an 
environmental sample. However, part of the variability, and uncertainty of 
identity is introduced because of conflicting demands placed on the 
sampler/analyst. A certain amount of data is required for program 
delivery. If the optimum recovery, identification and quantitation steps 
were used for obtaining this data, {multiple extractions, partitions, ultra 
slow evaporations, mass spectrometric identification and qualitation, 
labelled spiking of each sample, etc.) the cost of a single analysis would be 
prohibitive, and the laboratory capacity reduced, 2-3 analyses per day. In 
practice, compromises are made to permit rapid sample processing. 
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automation of instrumental analysis and data interpretation, etc. If a 
phenol analysis took 2-4 days and cost more than $500; it would be of little 
use for monitoring. 

To reduce uncertainty caused by the above two sets of 
variables, the analyst is continuously working on improving recovery, 
precision of measurement and certainty of identification, whilst retaining 
capacity for reasonable volume of analysis. Other demands on the analyst 
have included a need for rapid reductions in detection limits - adding to 
these difficulties listed above. 

Whilst we are always trying to reduce the uncertainty, it is 
essential that we know the precision and accuracy of data being produced 
by current methodolc^ies. We must have reliable Data Quality Assurance 
protocols. Quality Assurance protocols for trace organics analysis are, of 
course, built into the sampling and analytical methodolc^ies. Instrument 
calibration, analysis of field and laboratory blanks, spikes and duplicates 
are routinely carried out. However, many of the accepted Quality 
Assurance protocols -analysis of duplicates, analysis of standard reference 
materials, analysis of spiked samples, etc. have definite drawbacks in the 
case of trace organics work. Duplicate sampling of the environment for 
organics is difficult due to the variability discussed in the section on 
sampling. Split sampling is not always reliable, since, for example, in 
sampling water, organics can rapidly deposit on the bottle walls. The 
whole sample must therefore be extracted to recover all organics present. 
Standard reference materials are seldom available for organics in 
environmental matrices, and even when they are it is seldom known 
whether the "certified" analysis provided is a real measure of total analate 
concentration in the sample is merely the best result obtainable by current 
methodology. Similarly, a recovery figure obtained by spiking 
environmental samples usually gives an inflated idea of the recovery of the 
same analate naturally incorporated into the sample. Not withstanding 
these limitation, Quality Assurance using these techniques is an integral 
part of trace organics monitoring. 
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FIG. 5 
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Figure 5 is a plot of the type of precision obtained by 
laboratories participating in a range of AOAC interlaboratory check 
sample programs for trace organics and drugs in foodstuff and biological 
samples. I should emphasise that this was produced from data supplied by 
proven reliable laboratories, and not an example of poor performance. 
Coefficient of variation at the parts per billion level is ± 40% and as we 
approach the parts per trillion sensitivity now being required of analytical 
method, the coefficient becomes very large. Since this graph was drawn up 
in 1980, significant gains have been made in precision and accuracy at the 
parts per trillion level analysis (dioxins). The second pair of dotted lines 
represents a rough estimate of the overall improvement in analytical 
precision which has resulted from rigorous method development and quality 
control procedures introduced for ppt level analysis such as, dioxins in fish. 
These improvements have been achieved at a significant cost in terms of 
analytical output and cost (up to $500 per sample). Even with these 
improvements, recovery of isotopically labelled dioxin standards at the 20 
ppt of 60%, with a variation of 20% is regarded as very acceptable. Inter- 
laboratory studies on 2,3,7,8-TCDD in fish can now achieve a C.V. of 
approximately +40% at 20 ppt. So that even with the best of analytical 
techniques, as methodology is pushed further and further significant 
variability must be anticipated. This is obviously going to have major 
impact in the way data is interpreted. 



DATA INTERPRETATION 

When a program designer is planning an analytical monitoring 
program, it is essential that he notify the analyst of the use to which the 
data will be put, and the quality of data required. If the designer requests 
or agrees to an analytical procedure which produces "rough" data such as 
head-space analysis for volatiles using unsophisticated packed column GC 
instrumentation, he must not expect to be able to use the data so obtained 
for drawing accurate qualitative and quantitative conclusions. Even 
sophisticated GC/MS identification methods must not be used for 
quantitative projections, unless the whole system has been precisely 
calibrated for the target compound. Data must be evaluated only in light 
of the statistical soundness of the sampling prc^ram design. 
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PROGRAM FEEDBACK 

Program design for trace organics monitoring must be a dynamic 
process. Problems which show up in one year's monitoring must be clearly recognized, 
solutions defined, and the results of this definition fed back into program 
design 

for the next season. Especially in the case of a newly recognized toxicant, monitoring 
results shouldnot be used for controlandr^ulat ion untilsuch time as experience 
indicates all the "bugs" in the sampling and analysis protocols have been 
recognized and eliminated. 



CONCLUSION 

With all these caveats it may appear to you that trace 
analyses for organic toxics are of little value. This is, of course, not true. 
With proper care in program design, analysis and data validation, trace 
organic analysis can give extremely useful information on the potential for 
human health effects of organic toxicants in the environment. 
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APPENDIX I 



Detector Operation 

Flame Ionization 

This general organics detector consists of an air hydrc^en 
flame, which burns the effluent from a GC (or HPLC). As organics emerge 
from the column, their commbustion increases the ion concentration in the 
flame. This change is monitored by a pair of polarized electrodes and 
produces the detector signal. 

Electron Capture Detector 

A radioactive foil emits p radiation and ionizes the carrier 
gas. Polarized electrode monitor this level of ionization. Molecules 
containing electro negative atoms (Halogens, Phosphorus, Oxygen or groups 
(-NOg)) can capture electron formed during the ionization process and 
reduce the level of ionization. The electrodes monitor this reduction 
producing a signal. 

Flame Photometric 

The GC effluent is burned in a hydrogen rich flame. 
Molecules containing elements such as, phosphorus or sulphur form species 
in the flame which emit characteristic wavelength radiation. By the use of 
selective interference filters, and photomultiplier tubes, these emission 
lines are monitored uniquely and produce a chromatogram representing 
only compounds containing these elements. 

UV, IR, Fluorescence Spectrometers 

Specific molecular structures (aromatic rings, carbonyl 
groups, PAtl structures, etc.) can adsorb radiation (UV, IR) or emit 
(fluorescence) radiation of a characteristic wavelength. Spectrometer 
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systems can be tuned to expose the effluent from a chromatograph to 
visible, ultraviolet, or infra red l^ht, and to monitor for specific 
wavelength adsorbance or emission characteristic of a given molecular 
structure. 

Mass Spectrometer 

In this system, organic molecules emerging from the 
chromatograph are bombarded with electron in an evacuated "source". The 
molecules produce a pattern of fragments whose masses and distribution is 
uniquely characteristic of the original molecule. The mass spectrometer 
separates the fragments by mass and accurately measures their mass and 
intensity. The "mass spectrum" of the compound can then be identified by 
interpretation from theoretical principles of fragmentation, or, more 
commonly, compared with a library of known mass spectra on a computer 
system. Specific compounds or classes of compounds can be monitored by 
adjusting the mass spectrometer to monitor one or more ions specific to 
that compound. 
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Health Effects of Snviroi^ierital Pollution Serdnar 
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Transport of Toxicants; 
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D. Mack ay 
Depar tjfient of Chemical Engineeriiiii and Applied Cheiriistry 

University of Toronto 
lr]Ti,QDUCTiUiv . 

In this paper we review briefly some aspects of the fjte and 
behaviour of environ ucntal contaminants. There are four 
categories of infornation that are needed pefore we can fully 
describe their behaviour, and which are useful (and possibly even 
essential) for iriplementinig adequate controls. These are: 

(1) Sources: emission rate anu location. 

(2) Partitionint.', properties between the various environmental 
f]odia of air, water, soil, sediment and biota. 

(3) Reactivity in processes such as hydrolysis, biolysij:, 
photolysis, oxidation in all media. 

(iJ) Transport rates between media auch as soil and air, 
water anq 9edii.ieiit or biota and water. 

A fifth activity Is to take these data and synthesize their. 
into an overall assessti.ent of contaiainant fate or a "behaviour 
profile" in which the dominant riedia of accumulation are 
forecast, the principal reactions identified and transport routes 
elucidated. It may even be possible to estimate i-;ean 
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concentrations in various media such as air and water and in 
foodstuffs, notably fish. 

This process proves to be quite difficult and expensive and 
only for a few com pounds is there a compreriensive and clear 
u.'iuerstandint, of environmental fate. Part of the difficulty lies 
in the number of contaminants. ilost jurisdictions (includinfj, 
Otitario) have their lists of nasty substances, some ruriniiijito 
lii^ny r.unoreds. It is clear that to i:jake progress in tscklin;i the 
vList probleij) of assessing and controll inti all these substances we 
ifiust seek out the generalities which apply to them all. There is 
no prospect of any one compound being afforded the attention 
which has been devoted for example to phophorous as an 
eutrophica t ion agent. The PCCs alone comprise 209 compounds! 
The environment is also very complex (Fig. 1) and variable in 
space and time . 

i)Ome of us have become convinced that the answer lies in 
developing tjeneral models of environmental fate and behaviour 
which can be used for al Isubs t ances ; but into the model we insert 
the peculiar properties of each substance. If this can be 
accoif. plisned it may be possible to generate estimates of 
"exposure" and then address the more difficult problem of 
asscssitti: the toxic effects on a diverse population, but here we 
consider only the simpler problems of assessinj^ environmental 
fate. 

In some respects our problem is similar to that faced by the 
income tax ajjencies. They* must treat sojne 1C inillion 
individuals, each with tlieir own income, family circumstances 
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and excuses for deductions. Only with the aia of cotiiputer models 
can they adequately assess the multitude of information. Sonie 
believe they do the job too well! Perhaps our aim should be to 
treat toxic substances like tax-evaders with the same entliusiasi.i, 
vigour and mouern computing methods. 
Sources . 

T hi ere are at least four source classes, chemicals of 
commerce which have escaped or been discarded (many of which are 
desit^ned to be biologically destructive to "pest" orfi,anisi:is); 
substances which have been synthesised inauVertar;tIy either 
industrially (eg. dioxins) or in the environ inent (eg. 
halofuriiis) ; substances present in v;aste streams of air, water or 
solid wastes especially sludges; and finally substances 
resulting from the recovery and processing; of minerals and fossil 
fuels. 

;>ome are indestructible, notably the metals; thus they will 
remain indefinitely until advected by water flow or (less 
desirably) by incorporation into harvested foods such as fish or 
veL^etation. Metals can thus cause severelong terf.i problems, 
expecially in soils that have received slud^^es containint; netal 
and which may be used for agricultural purposes. Of particular 
concern are those metal:; which forrn ort^anic compounds sucti as 
!i ethyl mercury and which may bioconcentrate. Many ortanic 
compounds are "recalcitrant" to degradation by biolocical or 
chemical iiiethods. Notable are the hunic or lij^neous organics 
which are fortunately biologically quite inert snd the 
ort^anochlor ines which are usually very stable, fat soluble, water 
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insoluble and inert. Examples are the chloro-benzenes, 
-naphthalenes, -biphenyls and -alkanes. These compounds are 
antnropoi^enic or "man made"; thus enzyme systems which have 
evolved over the eons of time since life appeared on Earth may 
not have developed the capability of breaking them down (or 
mineralizing them) to innocuous C02 and chloride ion. Otiier 
nori-chlorinatGd orbanics such as phthalate esters or non-linear 
alkanes i;jay also be slowly degraded. There is eraerging a 
viewpoint that cheifiicals of commerce, whether they be determents 
or transformer oils, should be environmentally degradable or 
non-persistent since inevitably they will be released or spilled. 
At least their use should be carefully controlled. Perhaps there 
is a compellinc incentive to ensure that their degradation is 
assured, industrially or environmentally. Their entire "cradle 
to ferave" journey must be assured. Even if they are apparently 
non-toxic, their accumulation in biological sy steins is 
inherently a cause for concern since our ability to predict 
subtle toxic effects is certainly less than our ability to 
synthesize and exploit new chetdicals. There is of course a large 
group of "non-persistent" or degradable substances which will 
react fairly rapidly in the environment and while possibly 
exerting a toxic effect will be destroyed in weeks or months. 
They should be accorded less scrutiny. We are still not yet 
competent in catei^orizing these sources and chemicals into 
degrees of nastiness. 
Partitioning . * 

It is a well known principle of physical chemistry that a 
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substance will partition between any two phases (e.g. oil and 
water) at different concentrations. There is a growing 
realization that there are three principal media: air, water and 
"organic". The organic phage includes biota, lipids and orbanic 
matter present in sediments. This can be displayed conveniently 
on the triangular diagram as sugE^sted by Sliniak (Fie:. 2). 
Freons obviously partition into air, phenols into water, and 
dioxins into ort^anic matter. Particularly troublesoi.ie are ifietals 
which uni!er^o chemical speciation chanties and thus "switch' 
their partitioning preferences. t'ercury is the classic example 
but tliere are othors such as tin and lead. There is a coifipellint, 
incentive to gather accurate data on these properties, notably 
water solubility, vapour pressure and octanol~wa ter partition 
coefficient (Kow). From such data it is often possible to 
calculate the concentration ratios which will be approached in 
the environment. For example if Kow of a substance is 1 million, 
a sediment organic carbon-water partition coefficient is proL/obly 
about iJOOUOO and a fish-water partition coefficient about 50, COO. 
Heacti vity 

There are many reactions which a substance may undergo, 
particularly hydrolysis, photolysis, oxidation and biolysis or 
biodetrada t i on . The rate of reaction depends on the chenical 
nature of the substance, on the en v i r onenental medium (e.g. air 
or water) and on environmental conditions such as tefuperature , 
p\], microbial population, solar radiation and the presence of 
other reactive chemicals such as ozone. It is important to 
identify the principal reactions or degradation processes and 
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tlieir rates or "half lives". Obviously a substance with a half 
life of H hours is of much less concern than one of ii years. 
Estimation of "persistence" is thus a critically important 
compcnent of en vi ronjnental fate assessment. In some cases the 
substance unfortunately tends to partition into a medium in whicli 
reactivity is l.ow. For exaifiple a substance may be quite 
photodei^radable but may be trapped in dark sediments. 
Tratisport . 

It is only in recent decades that the full potential for 
transport or i^iigration between com par tinen t s has been reco^jnized. 
There have been some surprising migrations such as DDT 
volatilizes appreciably from soil or water despite its low vapour 
pressure . [iuch is now known about uptake and release betvjeen 
fish and water. The most difficult problem is predictins 
transfer between sediments and the overlyins^ water column. A 
capability is, however, einerfiing for calculating these transport 
rates and with some luck the surprises should be less frequent. 
We have now no excuse for mistakes of the magnitude of DDT or 
PCijS or luercury. 

I li sonie cases such as air-water exchange it appears that 
there nay be several s iin ul t an e o u s transport processes, some 
complementary, some competing (i.e. in opposite directions). 
These are identified in Fiiiure 3. 
Models . 

It is now apparent that two types of models are needed, 
evaluative or hypothetical *environ mental models and real 
en virjjnnental models. Figure 1 shows a typical evaluative 
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envi rontiien t consisting of defined volumes of air, water, soil 
etc. A cheriical can be introduced into this "unit world" and its 
beiiaviour calculated. A "oehaviour profile" can thus be obtained 
ana the dominant media of concentration and reaction identified. 
It is hopeu that these profiles give a valid indication of real 
behaviour. Examples are the fuj;acity i;iodels and the EXAMS ir,odel 
of EPA. Figure 5 gives typical model outputs, Unfotunately these 
s.iodels are not easily validated but they are si in pie and very 
useful . 

Real models have the ^reat advantage that they can be 
validated. Unfortunately they are ofters very coiiiplex 
inatheina t i c a 1 1 y and apart from the modeller, few have the 
inclination to take the tine to understand then fully. Figure 6 
faives an example of an output of a real model for a ponn usin^ 
our QIVASI (Quantitative i.'iiter Air Soil Interaction) niodel. 

These models usually generate statetDcnts of the type "the 
mean concentration in sediment is '4 ng/g". L<ut in tne real 
environiient there is usually a distribution of concentrations 
v/ith, for exai;ip)le , a few sites having: values greater than UG 11,^/^, 
II, ore havinii values of 10 to UO, and most having Vcilue^ of to 1 
n^/g. This can be expressed as a concentration distribution 
function as illustrated in Ficure 7. Contour plots cijn be 
obtained as shown in Fif^ure 8 and compared with real srioni torint;. 
data. 
Conclusions . 

There has emerj^ed in recent years a new branch of 
environmental science wiiich seeks to describe the behaviour of 
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chemicals as they partition, react and migrate through the 
environiiient , concentrating^ in various media to differing extents. 
This science, which has been termed "chemodynainics" or 
"environmental toxicology" is advancing rapidly and it is 
expected that in the next few years there will be available 
I>roven techniques for testing chemicals and assemblinj; the test 
data into iJiodels which can be used by environmental re^^ulatory 
as^encies to predict how these cher.icals will behave. Our aim in 
the next few years should be to refine our tecliniques, prove them 
by ap;.lication to real problems such as tliose fciced by the 
Ministry and build up confidence that we can adequately preaict 
trie environmental fate of chemicals. It then becot.'ies possible 
for us to address the next, and more difficult probleiii of 
assessing the likely toxic effects. 
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FIGURE M 
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ENVIRONMENTAL TOXICOLOGY 

Ihe toxic effects of chemicals can be classified in several ways and each 
method is useful for assessing the toxic impact of environmental chemicals. 
Administration of a toxic dose of a chemical and the subsequent examination of 
the adverse biologic and toxic effects can give a qualitative assessment of the 
toxicity of a chemical or chemical mixture. Dose-response studies are used to 
quantitate the adverse impacts of a chemical toxin and both qualitative and 
quantitative effects are important descriptions for any chemical. 

A. TOXIC EFFECTS - QUALITATIVE ASSESSMENT 

The qualitative assessments of toxic Injury or adverse response can be 
classified in several possible ways. 

1. Type of Injury . The major types of adverse impacts include the following; 

Neurotoxicity 

Neurotoxicity refers to the delayed but persistent paralysis caused by 
certain organic phosphorus compounds. The classical example is "jake leg" 
paralysis caused by triorthocresyl phosphate. Most studies of neurotoxicity 
have attempted to learn which molecular configurations are capable of producing 
the phenomenon and which are not. 

Teratogenesis 

Although most research in teratogenesis has been centered on the nature of 
the phenomenon and the biologic factors wwich influence it, some quantitative 
studies have been reported Ceg 2,3.7,8-TCDD). Teratogens are toxins which can 
be generally classified as agents which cause adverse effects in animal and 
human fetuses. Steep dosage-response curves for teratogenic action are not 
uncommon and, in fact, appear to be the rule. Many agents can be tolerated in 
low dosage without any recognizable effect on development or viability, 
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Neurotoxicity 

Neurotoxicity refers to the delayed but persistent paralysis caused by 
certain organic phosphorus compounds. The classical example is "jake leg" 
paralysis caused by triorthocresyl phosphate. Most studies of neurotoxicity 
have attempted to learn which molecular configurations are capable of producing 
the phenomenon and which are not. 

Teratogenesis 

Although most research in teratogenesis has been centered on the nature of 
the phenomenon and the biologic factors wwich influence it, some quantitative 
studies have been reported (eg 2,3,7,8-TCDD). Teratogens are toxins which can 
be generally classified as agents which cause adverse effects in animal and 
human fetuses. Steep dosage-response curves for teratogenic action are not 
uncommon and, in fact, appear to be the rule. Many agents can be tolerated in 
low dosage without any recognizable effect on development or viability, 
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however, most teratr^gens become lethal to all embryos at higher dosages. 
Between these ranges of normality and lethality, there exists a narrow zone of 
dosages in which variable numbers of embryos survive with varying degrees of 
teratogenic involvement. A sharp rise of the dosage-reponse curve is also 
characteristic of the teratogenic action of x-radiation. 
Carcino genesis (Definition from Cassaret and Doull) 

Chemical carcinogens are defined operationally by their ability to induce 
tumors. Four types of response have generally been accepted as evidence of 
tumorigenicity: (1) an increased incidence of the tumor types occurring in 
controls; (2) the occurrence of tumors earlier than in controls; (3) the 
development of types of tumor not seen in controls; and (U) an increased 
multiplicity of tumors in individual animals. Although the term "carcinogen" 
literally means giving rise to carcinomas, i.e., epithelial malignancies, in 
general usage it also includes agents producing sarcomas of mesenchymal origin. 
Furthermore, even benign tumors are included as evidence of carcinogenicity, a 
practice justified by the fact that no real carcinogen producing exclusively 
benign tumors has yet been identified. Chemicals capable of eliciting one of 
these tumorigenic responses, and which are thereby classified as carcinogens, 
comprise a highly diverse collection of chemicals, including organic and 
inorganic chemicals, solid-state materials, hormones, and immunosuppressants. 
For some of these chemicals, such as tumor enhancers rr promoters, the 
designation "carcinogen" is perhaps unfortunate, but inescapable, since these 
chemials in specific situations do increase the yield of spontaneously 
occurring cancers. In order to draw attention to the differences in properties 
of the diverse agents that can be considered as carcinogens, we have developed 
a classification based on the mode of action of carcinogens. This 
classification is important not only for theoretic, fundamental reasons, but 
also because different types and classes of carcinogens require distinct 
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benign tumors has yet been identified. Chemicals capable of eliciting one of 
these tumorigenic responses, and which are thereby classified as carcinogens, 
comprise a highly diverse collection of chemicals, including organic and 
inorganic chemicals, solid-state materials, hormones, and immunosuppressants. 
For some of these chemicals, such as tumor enhancers or promoters, the 
designation "carcinogen" is perhaps unfortunate, but inescapable, since these 
chemials in specific situations do increase the yield of spontaneously 
occurring cancers. In order to draw attention to the differences in properties 
of the diverse agents that can be considered as carcinogens, we have developed 
a classification based on the mode of action of carcinogens. This 
classification is important not only for theoretic, fundamental reasons, but 
also because different types and classes of carcinogens require distinct 
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regulatory actions to ensure safety. The following diagrams illustrate the 
structures of several carcinogens and major research efforts are devoted to 
understanding how chemicals with such diverse structures can elicit similar 
carcinogenic effects. 

Mutagenesis 

Like carcinogenesis, mutagenesis describes a process in which genes 
(cellular DNA) undergo a specific type of damage, namely point or gene-locus 
mutations. The result of this type of damage can result in a host of adverse 
human health impacts. Professor Bruce Ames at EJerkeley has utilized several 
bacterial strains of Salmonella typhimurium which are highly susceptible to 
mutagens, as a short term in vitro assay for detecting carcinogens (as 
mutagens). Several mutagenic assays can be used in this way as "prescreens" 
for potential cancer-causing chemicals. 

Allergic Reactions (from Cassaret and Doull) 

Chemical allergy is an adverse reaction to a chemical resulting from 
previous sensitization to that chemical or to a structurally similar one. The 
term "hypersensitivity" has often been used to describe this allergic site but 
should be avoided because the term is more appropriately used to describe the 
response of the subjects at the lower end of the frequency distribution in a 
quantal dose-response curve. Thus, allergic reaction or sensitization 
reaction, not hypersensitization reaction, should be used to describe the 
situation where a preexposure of the chemical is required to produce the toxic 
effect via an antibody. 

An allergic reaction does not usually exhibit a typical sigmoid dose- 
response curve as observed for roost toxic responses. E3ecause of this apparent 
lack of a dose-response, some people have not considered the allergic reaction 
tn be a toxic response. However, since the allergic response is an 
undesirable, adverse, deleterious effect, it should be regarded as a toxic 
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response. Toxicity Is defined as the inherent ability of a chemical t^ 
adversely affect living organisms. Sensitization reactions are often very 
severe and many are fatal. 

Metabolism, Storage and Enzyme Induction 

Exposure of any biological system to a chemical results in an immedite 
response by the host to handle this chemical. These processes involve 
absorption, distribution, metabolism and ultimately excretion of the xenobiotic 
(see Figure) and the rates of these processes are dependent on the host and the 
structure of the chemical. In addition, many toxic chemicals induce (or 
inhibit) specific enzymes and this biologic effect can ultimately play an 
important role in mediating a toxic response. 
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2. Immediate versus Delayed Toxicity (from Cassaret and Doull). Immediate 
toxicologic effects can be defined as those that occur or develop rapidly after 
a single administration of a substance, while delayed effects are those that 
occur after the lapse of some time. Carcinogenic effects of chemicals usually 
have a long latency period, often 20 to 30 years, before tumors are observed. 
For example, the vaginal and uterine cancer produce by diethylstilbestrol in 
young women was due to their in utero exposure to diethylstilbestrol taken by 
their mothers to prevent miscarriages. Also, delayed neurotoxicity is observed 
after some organophosphorus anticholinesterase agents. Tlie most notorious of 
the compounds that produce this type of neurotoxicity effect is 
trlorthocresylphosphate (TOCP). The effect is not observed until at least 
several days after exposure to the toxic compound. On the other hand, one can 
find many substances, such as short-acting barbiturates, that yield immediate 
toxic effects on each of a series of exposures but fail to produce delayed 
effects . 

3. Reversible and Irreviersible Effects . Toxic injury by chemicals can also 
be classified according to their reversibility or irreversibility, some 
chemicals such as CCI^ or CHCI3 are hepatotoxins and their effects at low doses 
are reversible and their damage is repaired. However, at sufficiently high 
dose levels these effects are irreversible and can result in death. 
Carcinogens are classical examples of toxins which cause irreversible damage. 

4. Local Versus Systemic Effects (from Casaret and Doull). Another 
distinction between types of effects is made on the general locus of action. 
Local effects refer to those that occur at the site of first contact between 
the biologic system and the toxicant. Examples of local effects are 
demonstrated by the ingestion of caustic substances or inhalation of irritant 
materials. The reverse of local effects are systemic effects that require 



- 81 - 



absorption and distribution of the toxicant to a site distant from its entry 
point at which point effects are produced. Most substances, except highly 
reactive materials, produce systemic effects. Fcr some materials, both effects 
can be noted. For example, tetraethyl lead produces effects on the skin at the 
site of absorption and then is transported systemically to produce its typical 
effects on the central nervous system and other systems. If the local effect 
is marked, as with a severe acid burn, there may also be indirect systemic 
effects, in this example, damage to the kidney even though the substance has 
not reached the kidney. 

Most chemicals that produce systemic toxicity do not cause a similar 
degree of toxicity in all organs but usually produce the major toxicity to one 
or two organs. These are referred to as the target organs of toxicity for that 
chemical. The target organ of toxicity often is not the site of concentration 
of the chemical. For example, lead is concentrated in bone but its toxicity is 
due to lead in soft tissues. Likewise, DDT is concentrated in adipose tissue 
but produces no known toxic effects there. 

FACTORS WHICH EFFECT TOXICITY (from CaSsaret and DouU) 

It is convenient to divide the factors that influence toxicity into those 
that are related to (1) the poison or toxic agent, (2) the exposure situation, 
and (3) the subject. The factors that are related to the subject can be 
further divided on the basis of whether they are internal (inherent in the 
subject) or external to the subject (environmental). This general 
classification has been used in preparing the listing of toxicity-influencing 
factors shown in Table 5-1. 

Much of the controversy that is associated with the interoretation of the 
results of supposedly comparable toxicologic investigations is the result of a 
failure to receognize the importance ^f these factors and the ability of even 
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slight changes in the experimental protocol to alter markedly the response of 
the test system. Toxicolcgists need to keep these factors in mind in carrying 
out their predictive resopnsibilities (safety evaluation) and also in their 
activities related to detection (forensic toxicology) and to the diagnosis and 
treatment of poisoning (clinical toxicology). 

Table 5-1. A CLASSIFIC AXrON OF 
TOXICnY-INFUJENCING FACTORS 



1 . Failors RvUtfcd lo llie Toxic Agent 

Chemical coniposilion (pH, choice of anion, ctc.1 

Phvsical characicristics {particle size, method of 
formuliition, etc.l 

Presence of impurities or contaminants 

Stabihiy and storage charactL-ristics of the toxic 
aecnl 

Soliihihly of the toxic agent in biolonn; fltiiJN 

Choice oi the vehicle 

Presence of cxcipicnls: adjuvants, cmuisiliers, 
surfactants, binding agents, toniing agents, 
coloring agents, flavoring agents, prcservalives, 
antioxidants, and other intcnlion;iI and non- 
intentional additives 

2. ratuirs RclatftI to the Exposure Silttntion 

nose, concentration, and volume of administra- 
tion 
Route, rate, and site of administration 
Duration and frequency of exposure 
Time of administration (time of day, season of the 
year, etc.) 



3. Inhrrait Fartors Related to lliv Suhjrvt 

Species and strain (laxonomic classificaiiiin) 
Genetic status (littcrni.ite, siblings, iiiuhipcncr:i- 

lion effects, etc.) 
Immunologic status 
Nutritional status fdiei factors, stale of hjdration. 

etc.) 
fformonal status (pregnancy, etc.) 
Age, sex, body weight, and maliirily 
Central nervous system status (activity, crowding, 

handling, presence of other species, etc.) 
Presence of disease or specific organ pathology 

4. Eiivirontncntal Factors Related to Ike Suhjei-t 

Temperature and humidity 

Barometric pressure (hyper- and hypobaric clfctlNl 

Ambient atmospheric composition 

Light and other forms of radiation 

Housing ;md caging cftects 

Noise and other geographic influences 

Social factors 

Chemical factors 



B. TOXIC EFFECTS - QUANTITATIVE ASSESSMENT 

Scientific study of the effects of chemical or physial agents on living 
organisms requires measurement. A distinction is made as to whether each 
measurement involves an agent alone (dose) or an agent in relation to an 
organism (dosage). A 1.0-mg dose of a compound is identical no matter whether 
it is administered to a 20-g mouse or a 5,000-kg elephant but the dosages are 
vastly different, being 50 mg/kg for the mouse and 0.002 mg/kg for the 
elephant. The susceptibility of different species or even different 
individuals can be compared precisely only if their body weight is taken into 
account. Thus, if dose levels can be considered in terms of body weight (e.g. 
weight of chemical/body weight or moles of chemical/body weight) several types 
of quantitative assessments of toxic response can be made. 
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1) LD5oJlL_ED5o The ED50 is defined as the dose of a chemical which 
causes an effect in 50t of the test animals. The LD50 is an ED50 in which the 
effect measured is death. The two Tables shown below give examples of the LD50 
values for several chemicals and summarize an LD50 mating chart (from Cassaret 
and Doull). It should be noted that the ED^q values obtained for any toxic 
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Tabic 1-2. TOXICITY RATING CHART 



Hihyl alcohol 
SiHhiim chloride 
hirrous sulfate 
Morphine sulfalc 
Phcnobarbital sudiuin 
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Slrychninc <;u|[atc 
Nicolinc 
f/-Tubocur.-irinc 
Homicholiniiim-.l 
Tctrci(!oto\in 
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1. Practically nonto.xic 

2. Sliphlly Uixic 

3. Motlcralcly toxic 

4. Very toxic 

.S. Extremely toxic 
6. Siipcrloxic 



> 1 5 p/kg 
5-!.Stt.ike 
0.5-5 e/kg 
50 .'^OOmg/lcE 
5 50 nig/kg 
< 5 mg/kg 



More than 1 quart 
Between pint and t|uail 
Between ounce ami pisit 
Between tcaspooiiful and ounce 
Between 7 drors and ica<;poi)iifnl 
A taste (less than 7 drop'-l 



agent is subject to ail the factors which can effect the magnitude of the 
response. The following Figure summarizes a classical warfarin (rat poison) 
LD50 study. A single 1-dose test gives an LD50 '^f ^-^ ^^^^^ "i^^ ^ survival 
time of 5-10 days; whereas the LD^q for a multiple dose gO-day feeding study 
was 0.077 mg/kg with a survival time of 3-34 days. 

2. EC c;n or LC en (from Hayes). An EC50 is a statistical estimate rj 



the concentration of a toxicant in the ambient medium necessary to produce a 
particular effect in 50% ^f a very large population under specified conditions. 
An LC50 is a special case of the EC50 i^^ "hich the effect recorded is death. 
EC5Q and LC50 values are determined in a similar way to ED50 and LD50 values, 
ie., probits representing the percentages of animals showing a response in a 
series of tests are related to the logarithms of the concentrations that 
produced the responses. 
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3* ETc; n or LT ^n (from Hayes). An ET^q is a statistical estimate cf 
the interval or time from dosage to a specific all-or-none response of 50^ of 
the organisms in a very large population subjected to a toxicant under 
specified conditions. As used here, an all-or-none effect may be a specified 
level of a quantitative response, for example, time of appearance of first 
tumor or time at which the systolic blood pressure reaches 150 mm Hg. An LTcq 
is a special case of an ETcq in which the effect reported is death. 

^. Regulatory or Predictive Toxicology . (in part from Cassaret and 
Dcull). The main purpose of toxicity tests is to provide a data base that can 
be used to assess the risk (or evaluate the hazard) associated with a situation 
in which the chemical agent, the subjet, and the exposure conditions are 
defined. It is evident that the ideal situation is one in which the agent, 
subject, and exposure conditions used for the toxicity tests are identical to 
those which will be encountered in the situation where the risk assessment is 
desired. Thus, by carrying out toxicity studies on various forms of birds, 
fish, and other wildlife, it is usually possible to establish with reasonable 
certainty a safe or no-6bserved-effect level (NOEL) for the species tested 
[also referred to as no-effect level (NEL) and no-observed-adverse-effect level 
(NOAEL)]. In most cases, however, there are differences between the toxicity 
testing situation and the "real world" situation where the risk estimate is 
desired that require extrapolation of the data base or prediction of the hazard 
in areas not covered by the data base. Changes in the formulation of the 
agent, the use of animal tests for estimating risk to man, changes in route, 
dose, duration, and frequency of exposure are all examples of situations in 
which predictive toxicology is employed. In most cases, predictive toxicology 
provides the risk portion of the risk-benefit analysis, which is the basis of 
regulatory toxicology. 
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Having determined risk factors this quantitative data can be used to 
promulgate regulatory guidelines for exposure. These guidelines can be set for 
regulating a) workplace exposure to industrial toxins, b) levels of pesticides, 
food additives and other xenobiotics permitted in foods, and c) levels of 
chemicals which are discharged into the environment. These regulatory acronyms 
(ADI - acceptable daily intake; TLV-, threshold limit value etc) can be 
determined using the following approach, eg 



Permissable Exposure Level = NEL (sensitive species) 

Safety Factor 



It is readily apparent that there are several inherent problems in the 
regulatory level-setting process, for example, a) was the NEL determined on the 
most sensitive species, b) was the most sensitive effect measured, c) how do we 
know that humans (or the potential host) are not more sensitive than the test 
animal species, d) are interactive effects with other chemicals accounted for, 
and e) is the safety factor high enough. These are challenging questions for 
toxicologists and regulators and it is apparent that both groups must be aware 
of the inherent problems which must be solved to arrive at an acceptable answer 
to these questions. 
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Chemical Carcinogenesis 

A Biologic Perspective 
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DEVELOPMENTS in ihe past two decades or so 
have led to a progressive shift in emphasis from the 
individual lo ihe environmcni in the perception of the 
causation and pathogenesis of cancer. This change is 
bringing into clearer focus both the genetic makeup 
as a risk determinant for the effectiveness of chemi- 
cals, radiation, or viruses as causes of cancer and the 
distribution and properties of the possible chemicals, 
radiation, and viruses themselves. Both aspects, the 
environment and the risk components, are now be- 
ginning to receive increasing attention in the preven- 
tion of cancer. Although many factors have contrib- 
uted to this radical shift in perception, two of the 
most important are the genera) acceptance of ciga- 
rette smoking as a major factor in the increasing inci- 
dence of lung cancer and the multiplication in the 
number of examples of radical shifts in organ or tis- 
sue distribution of primary cancers with the migra- 
tion of distinctive ethnic groups of individuals from 
one geographic location to another.' ' 

The available evidence indicates the likelihood of 
several, if not many, components in this environmen- 
tal outlook. Diet, carcinogenic chemicals, radiation, 
and %iruses arc among the known major factors that 
appear to be involved. The largest group by far are 
chemicals, man-made and naturally occurring, in the 
workplace, in the home, and in the medical therapeu- 
tic armamentarium. More than thirty chemicals or 
mixtures are known to be involved in the genesis of 
cancer in human beings.' in addition, an increasing 
number of dietary and other environmental compo- 
nents, including pesticides, fungicides, and other 
.xenobioiics widely used in food production, are be- 



ing recognized as agents that can either promote or 
diminish the development of cancer. 

The number and diversity of such agents warrant a 
greater interest in chemical carcinogenesis by physi- 
cians, medical scientists, and other health-related 
professionals. This increasing awareness has natural- 
ly led to the concept that cancer can be largely pre- 
vented by concentration of virtually all our efforts in 
the prevention of cancer on the identification, by ap- 
propriate short-term assay procedures, of potential 
carcinogenic chemicals and their elimination from 
our environment. 

This is, without doubt, a laudable and desirable 
goal and is feasible in isolated instances. However, ii 
is already evident that such an undertaking in loto 
would involve radical changes in our way of life with- 
out any guarantee that the new patterns of living 
would not simply shift the spectrum of the observed 
neoplasms without major changes in overall cancer 
incidence. Some evidence does exist that groups of 
individuals, such as Mormons, Seventh Day Adven- 
tists, and others, who practice a much more ascetic 
life style with much less exposure to tobacco and al- 
cohol, and sometimes with different dietary and sex- 
ual patterns, have low incidences of some types of 
cancer.' However, even among such lower-incidence 
groups, many cancers have incidences equal to or 
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higher than appropriate graups of controls. Ahhough 
ihe overall incidence of cancer i'- lower in such ».cieci 
groups than in the population generally, cancer issiijt 
a major cause of death. 

Thus, from the pragmatic viewpoint, il would 
seem i-easonable for us to foster a much greater inter- 
est in hov, cancer develops, in order to devise innova- 
tive ways 10 interrupt ihe process. In addition, it is 
becoming increasingly apparent thai any study of 
end-stage cancers /Jtr.^e is fraught wiih so many vari- 
ables and pitfalls as lo frustrate any truly scientific 
analysis of the essential nature of malignant neoplasia 
al this time. A historic approach, emphasizing patho- 
genesis, appears to offer a much more rational and 
feasible approach, providing suitable models for 
cancer development can be discovered. 

In this review, emphasis will be given to mecha- 
nisms, not phenomena. It is the conviction of the 
author that an analysis of how cancer develops with 
chemicals, that is, the pathogenesis of neoplasia, 
with an integration between the molecular and bio- 
chemical levels of organization on the one hand and 
the cellular and tissue biologic levels on the other, 
offers major opportunities to generate importanl new 
insights into the genesis and nature of neoplasia, 

Multistep Nature of Carcinogenesis 

I( is now appreciated that cancer development in 
human beings in various sites lakes many years and 
thai during the so-called latent period, progressive 
tissue and cellular changes can be seen. Often, new 
cell populations appear thai probably represent stages 
or steps in Ihe cellular evolution from normal, through 
initiated, preneoplaslic and premalignanl celts to 
highly malignant neoplasia. ^"^ The research in experi- 
mental animals has concentrated heavily upon the 
early events and has suggested the existence of com- 
mon patterns of early preneoplastic changes in sev- 
eral organ systems and in several species.' Research 
in humans has concentrated largely upon the later 
events and has confirmed the occurrence of atypical 
hyperplasias, dysplasia, and carcinoma in situ as 
probable precancerous steps in several organs later in 
the process.'" However, the critical properties of 
each of the different cell populations that relate lo 
their possible roles in cancer development and the 
manner in which the two aspects of carcinogenesis, 
the experimental and the human, fit together into 
some biologically meaningful pattern or patterns re- 
main as challenges.' 

The conceptual ad\ances made in the late 1930s 
and 1940s concerning the first two early steps in 
chemical carcinogenesis, initialion and pmnmtion. 
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are well known in general.- " '' However, their mecha- 
nistic bases are only now becoming slowly unfolded, 
and ihese will be major topics for review. Their basic 
^alidi1y for human cancer development has been cs- 
lablished in a fe\\ instances and as such is reassuring 
both for the physician and for the scieniisi. For ex- 
ample, a relatively brief exposure to dieihylsiilbestrol 
(DES) during pregnancy may be associated wiih the 
developmeni of vaginal neoplasia some 15 to 25 years 
later in the daughters of those to w horn ii was admin- 
istered. '" Parenthetically, it should be nieniioned that 
il is not yet known whether the DES is acting in this 
silualion as a chemical carcinogen or whelhcr (he ef- 
fect is predominanily hormonal. Again, a limited ev.- 
posure for only a few months to a known chemical 
hazard, such as vinyl chloride, may lead many years 
later to the appearance of angiosarcoma of ihe liver." 
Nonneoplastic cellular and tissue changes ar^^^ seen 
during the apparent latent period. 

Agenls and Processes in the 
Analysis of Carcinogenesis 

Given ihe increasing success that has been achieved 
in Ihe idcntihcation and characterization of cancer- 
inducing chemicals beginning in Ihe 1920s, the study 
of chemical carcinogenesis has been dominated to a 
large and expanding degree by the principle ihat the 
understanding of the chemical and physical proper- 
tie.s, of chemical carcinogens and of iheir immediate 
interactions wiih large! and other tissues will lead to 
the elucidation of carcinogenic processes. With ihe 
discovery of promoting agents and ihe clarihcalion 
of the chemistry of some of the materials most active 
for skin, such as croion oil, this reductionist approach 
concentrating on agenis was extended to posiinitia- 
tion phenomena. No one who is familiar with the 
successes in ihe areas of chemistry and biochemistry 
of initiators and promoters can take exception to this 
scientific approach as a first step. However, the in- 
creasing study of the responses of living cells and tis- 
sues to a wide variety of toxic or potentially toxic 
agenis at both the biochemical and the biologic levels 
of organization over the past few decades has made it 
eminently evident that ihe living organism is by no 
means a passive object for change. On the contrary, 
it is a very dynamic partner in any interaction be- 
tween agent and target tissue. In fact, as emphasized 
a few years ago, a cell is "the smallesi imegraiin^ unit 
in biology: a pseudo-intelligent computer thai re- 
ceives, screens, changes, reacts lo and adapts to a 
host of environmental signals, all of this activity 
apparently designed, through evolution, for cell sur- 
vival and host survival."" In other words, it is un- 
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likely that we will be very successful in developing a 
rational understanding of cancer induction by concen- 
trating our focus on the agents alone. An increasing 
interest and study of the different processes that con- 
stitute carcinogenesis, as processes, would seem to be 
a prerequisite for elucidation of its essential nature. 
Although investigators pay passing lip .service to this 
approach in chemical carcinogenesis, relatively tittle 
scicniific aiiention is devoted to this type of study. 
This narrow approach to the study of toxic responses, 
ie, to the "toxic components in toxicology," is not 
unique to research workers in chemical carcinogene- 
sis but remains the dominant scientific philosophy in 
toxicology generally. 

There are at least two practical consequences of 
this simplistic view of chemical carcinogenesis. The 
first, as already mentioned, is the naive conviction 
thai "cleaning up our environment" is all that will be 
neces-sary to control the bulk of cancer in the popula- 
tion. Although the removal of identifiable hazards, 
such as those generated during cigarette smoking or 
in the workshop, must be of high priority in any bat- 
tle with cancer, there is no proof that some of the ma- 
jor forms of cancer in any geographic location (eg, 
cancers of the colon, breast, and uterus in North 
America), lend themselves to this approach. Also, in 
the case of promoters that usually require prolonged 
exposure, it is questionable whether the "environ- 
mental approach" is adequate to cope with the prob- 
lem effectively. 

The second concerns the scientific attitude to re- 
search in chemical carcinogenesis, it has been pointed 
out sporadically that the response patterns of living 
tissues to carcinogens are by no means unique to this 
group of toxic agents. Rather, a view of the carcino- 
genic process from a broader perspective of evolution 
and adaptation generally seems more reasonable.' '•"'''' 
Since the tags we place on chemicals are not a recog- 
nizable medium of communication at the cellular 
level, are we narrowing our perspective too much by 
the literal use of terms such as "carcinogen"? It is 
very likely that most, if not all, the changes induced in 
target cells by "carcinogens" have no direct relevance 
to cancer but are a reflection of more general 
response patterns to injury at the molecular as well as 
cellular level. In this context, it is critical to know 
whether the changes in cells seen on exposure to known 
chemical carcinogens have any direct relevance to the 
behavior of an ultimate population of malignant neo- 
plastic cells or whether such changes at each step sim- 
ply increase the probability for the occurrence of 
subsequent steps that progressively move toward 
cancer and that have a greater mechanistic relation- 
ship to malignancy as they evolve. If this latter view 
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has any validity and usefulness, do these ditferent cell 
populations, especially the early ones, play a func- 
tional role in the adaptation of the organism to a 
hazardous environment^? 

U is noteworthy thai there is a major discrepancy 
between the number and apparent diversity of imme- 
diate chemical and biochemical effects of different 
carcinogens, promoters, and other modulators of 
carcinogenesis, such as vitamin A analogs, and the 
number of immediate biologic end-points of the ex- 
posure to such agents. For example, chemical carcin- 
ogens induce a wide array of discrete chemical changes 
in the DNA in target cells,'" yet the first observable 
biologic end-points, a nodule, a papilloma, a polyp, 
are virtually indistinguishable when induced by quite 
different carcinogens. The same is true in principle 
for later focal lesions and for the cancers that ulti- 
mately appear. In other words, the response patterns 
to carcinogens (and to other potentially toxic agents) 
are often very similar, if not identical, in appearance 
and behavior, even when induced by agents of widely 
divergent chemical and physical properties. This simi- 
larity indicates the existence of a sort of biologic 
direction to the cellular response to many toxic agents, 
including carcinogens. Thus, a large, diverse array of 
agents added to a system or organism often generates 
a common pattern of response. This lack of corres- 
pondence between diversity of input and commonal- 
ity of output poses a major problem for interpreta- 
tion in a complex process such as carcinogenesis and 
emphasizes the necessity for the development of 
models in which one can measure and relate input 
and output for each step. In at least two well-defined 
systems for chemical carcinogenesis, the skin and the 
liver, such a close correlation is becoming feasible' 
and should be encouraged. 



Initiators and Initiatiun 

Cancer development with chemicals can begin with 
a brief exposure (a few hours or days) to an activated 
form of a carcinogen, and the chemical need not be 
present as such ever again, as far as can be deter- 
mined. This point is valid not only with regard to the 
skin, which was the first tissue in which it was demon- 
strated clearly, but also in liver, colon, mammary 
gland, urinary bladder, kidney, brain, and other or- 
gans or tissues."'"'" The brief exposure to the 
chemical induces neither a cancer cell nor a neoplas- 
tic cell, but rather some cell that can be differentially 
stimulated lo produce a focal proliferation. By "neo- 
plastic cell" is meant a cell that can proliferate with- 
out the need for an added or known stimulus for 
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growth, ie, a cell thai has acquired some degree oi" 
autonomy. 

The existence of an initiated Fitate cannot be de- 
tected perse but makes itself evident only when some 
promoiing or selecting environment is created, ie, by 
the occurrence of subsequent focal proliferation. 
Thus, the concept of initiation is intricately bound up 
with the subsequent appearance of discrete prolifer- 
ative lesions. 

The separation of this first sequence, iniiiation- 
promotion, is justified because of the dependence of 
each of its steps on the environment for Iheir appear- 
ance (Figure 1). With a single exposure lo an initiat- 
ing dose of a carcinogen, the further history is closely 
dependent upon the imposition of a suitable promot- 
ing environmeni. This environment can be created by 
a "pure" promoter or by further exposure to a carcin- 
ogen. In the former case, repeated exposure over a 
relatively long period (weeks lo months in rats or 
mice) is usually required, In the latter case, a more 
brief exposure to an active carcinogen may suffice. 

This first sequence generates a new cell population 
that is at risk for a second "rare event" from which a 
second new population can develop. The occurrence 
of this new focal change in a rare cell and its amplifi- 
cation by selection or differential growth seems to be 
no longer environmeni-dependcnt but appears to be 
self-generating. Because of this relative autonomy, at 
least with respect lo added exogeneous agents, we 
consider this second rare event as the beginning of 



"neoplasia" and everything preceding this change as 
"preneoplasia." The subsequent steps are poorly un- 
derstood and are discussed below (Figure 1). 

Initiators 

Until fairly recently, one of the most puzzling and 
confusing aspects of chemical carcinogenesis was the 
diversity in the chemical structure of carcinogens. 
This problem has now been largely resolved by the 
discovery of metabolic conversion of many carcino- 
gens to highly reactive metabolites." Although the 
principle was quite well established by the late 1960s, 
the many details concerning the specific forms of the 
metabolites are only now being clarified. The best 
known form of reactive moieties, generated from 
several different types of carcinogens, is the "electro- 
philic reactant," a positively charged molecule that 
reacts well with sites of electron densities in many dif- 
ferent cellular components, including DNA, RNA, 
protein, glutathione, and probably also polysaccha- 
rides."' A minority of chemical carcinogens such as 
some nitrosamides (eg, alkyl nitrosoureas), to-chlor- 
methyl ether, and nitrogen mustard, are active fierce 
and do not seem to require any metabolic conversion 
to more reactive metabolites. 

Activation and Metaholtsm of Procarcinogens 

The first major type of metabolic activation dis- 
covered was the conversion of an aromatic amine, 
2-acetylaminofluorene (2-AAF), by N-hydroxylution 
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to an N-OH derivative.'' This reactive product may in 
turn be esterified to a more reactive form, an N-O- 
ester, which is believed to be the ultimate type of car- 
cinogen for some aromatic amines. The human blad- 
der carcinogen 2-naphthylamine (/3-naphthylamine) 
is a type of aromatic amine. 

More recently, much effort has been placed on the 
clarification of the activation of benzo(a)pyrene 
(B(a)P) and other polycyclic aromatic hydrocarbons 
(PAHs). Many of these are easily generated by burn- 
ing (pyrolysis), are therefore widely distributed in our 
environment, and are thought to be responsible, in 
part at least, for the carcinogenicity of coal (ar prod- 
ucts, oils, tars, etc. These compounds undergo epoxi- 
dation to form reactive epo.xides, some forms of 
which are considerd to be ultimate carcinogens.''' In 
the case of B(a)P and probably other PAHs, the ini- 
tial site of epoxidation may undergo hydration to 
form a dihydrodiol, a reaction catalyzed by epoxide 
hydrolase. This inactive derivative in turn can be con- 
verted to another epcxide at a second site to form a 
dihydrodiol epoxide. These are considered to be the 
most likely ultimate carcinogens for at least some 
polycyclic aromatic hydrocarbons. This series of re- 
actions for B(a)P is illustrated in Figure 2. Another 
potentially important carcinogen for humans that is 
subject to activation via epoxidation is aflatoxin B,." 
Anatoxin undergoes oxidation at its 2,3-position; 
and this derivative, the 2,3-o.xide, appears to be one 
form of uUimate carcinogen of this mycotoxin. Vinyl 
chloride is also activated via epoxidation." 

Very likely, these reactions with B(a)P, aflatoxin 
B,, and vinyl chloride are illustrative of the probable 
activation of many other aliphatic, aromatic, or het- 
erocyclic compounds, both carcinogenic and noncar- 
cinogenic (eg, bromobenzene). 

Other types of metabolic conversions also are con- 
sidered to be important in carcinogenesis.' Nitrosa- 
mines are converted to highly reactive alkylating 
moieties, probably through oxidation. Aromatic or 
heterocyclic nitro compounds, such as nitrofurans 
and 4-nitroquinoline-N-oxide (4NQO) probably un- 
dergo initial reduction to hydroxyamino-derivatives. 
In the case of 4N0O, this form is considered to be an 
uhimale carcinogen. 

Thus, several types of metabolic conversions to ul- 
timate carcinogens are now known and offer interest- 
ing problems for detailed analysis of the chemistry, 
enzymology, modulation, and control. 

For the majority of known conversions, the system 
most active in the cell is the "mixed function oxygen- 
ase" system (MFO), consisting of several cytochromes 
P450, NADPH cytochrome C reductase, and lipid." 
This inducible system is located predominantly in the 
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Figure 2— One pathway lor the genesis of activated derivatives of 
benzo(afpyrene via microsome, mixed function oxygenase sysiem, 
and epoxide fiydrolase. 



microsomal fraction of the cell (endoplasmic reticu- 
lum, ER), ahhough recent work increa.singty points 
to a second comparable system in the nucleus. '' In 
addition to these oxidative systems, reducing systems 
also exist for some precarcinogens, such as the aro- 
matic or heterocyclic nitro compounds. Diaphorase 
or other NADPH or NADH reductases are widely 
distributed among different cells and are effective in 
reducing the nitro group to the amino or hydroxy- 
amino derivative. 

The liver is by far the most active and most versa- 
tile organ in the metabolism of precarcinogens and of 
xenobiolic agents generally. It and other organs show 
an ability to detoxify as well as activate potential car- 
cinogens, and the uUimate fate of a chemical depends 
largely upon the balance between activation and inac- 
tivation, a balance thai is easily modulated in major 
ways by drugs and other chemicals, age, nutrition, 
and hormones, as well as genetics."'^' For example, 
the carcinogenicity of several aromatic amines for the 
liver can be completely prevented by simultaneous 
exposure to phenobarbital or 3-methylcholanthrene, 
agents that induce many liver enzymes." " '" This phe- 
nomenon of resistance of the induced liver to some 
carcinogens may be of great importance to humans. 
Virtually all human beings in the Western world have 
levels of several xenobiotic agents, such as DDT, 
dieidrin, aldrin, PCBs (polychlorinaled biphcnyls), 
and dioxins in their adipose tissues. These agents as a 
group are very effective enzyme inducers in the liver. 
Also, many drugs induce various microsomal or 
other enzymes in liver or other tissues. Are these in- 
ducers making tissues more or less susceptible to the 
carcinogenic effect of other environmental agents? 

it is considered probable that the organ or tissue 
distribution of the carcinogen-metabolizing enzymes 
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may play a role in the organotropism of carcinogens. 
Since there is an almost certain obligatory require- 
ment of activation: and since the metabolic patterns 
affecting carcinogens and other xenobiolic agents are 
so variable from cell lo cell or from organ lo organ. 
the absolute activities of the various enzymes, and es- 
pecially their relative balance, may play key roles in 
determining which organ, if any, will be a target for a 
partictilar carcinogen. An interesting example of 
modulation ai this level is the liver-kidney axis with 
dimethylnitrosamine. This potent carcinogen nor- 
mally induces liver cancer when taken in via the gas- 
trointestinal trad. However, if an experimental 
animal is placed on a low-protein diet, the hepatic ac- 
tivation and metabolism falls off, making more car- 
cinogen available for action on the kidney and chang- 
ing the dominant cancer pattern from liver to kidney." 
A puzzling phenomenon relating to the metabolic 
activation of many carcinogens is its possible physio- 
logic role. A reasonable interpretation of the major 
importance of "drug-metabolizing" enzymes is in the 
genesis of derivatives thai can be excreted as such or 
that can be conjugated to facilitate excretion. These 
types of conversions occur with chemical carcinogens 
as well as with many other xenobiotics. What is the 
survival value for the host, if any, of metabolic activ- 
ities that lead to highly reactive, more "toxic" deriv- 
atives, not less toxic? Are there naturally occurring 
substrates for these metabolic reactions which require 
"activation" for the performance of their metabolic 
roles? 

Pi>ssihlv Molecular 7£/rs;(V.> for Ullinuiic Carvmagens 

The molecular targets for the electrophiltc reac- 
tants arc many. To date, the bulk of the effort has 
been concentrated on DNA, with some interest in 
RNA and protein. In principle, many other molecular 
targets exist at the macromolecular and "micromolec- 
ular" levels. Because of the relative ease of relating 
changes in DN.A to a permanent change in biologic 
behavior of cells, DNA has received the lion's share 
of attention. Since the hrst discovery of the chemical 
nature of an adduct of a carcinogen with nucleic acids 
in a target organ in v/i'o,'" there has been an increas- 
ing interest in establishing the chemical nature and 
site of interaction with several different carcinogens."" 
As portrayed in Figure 3, virtually every potential site 
for interaction with DNA bases (as well as with phos- 
phates) reacts with one or more carcinogens. In order 
to narrow down the possibilities for relevance to can- 
cer, sites more likely to be involved in hydrogen 
bonding between bases (purines-pyrimidines) in 
DNA and thus to be involved in possible miscoding 



are often considered to be most relevant. Thus it is 
presupposed that the major or only biochemical le- 
sion in DNA thai is relevant to cancer initiation is a 
miscoding one. This judgment may not be justified, 
since the evidence is circumstantial and inconclusive. 
Conceivably, other types of alterations in DN.'\. be- 
side miscoding, such as recombinations, gaps, trans- 
location, and so on, may be important to the early 
events in cancer development.'" "" In fact. Cairns 
has suggested that mutagenesis may be of only minor 
Importance in the initial events in chemical carcino- 
genesis and that genetic transposition involving rela- 
tively large segments of the genome might be more 
relevant to the process." The application of this 
newer technology to appropriate "clean" cell popula- 
tions during the development of cancer is to be 
awaited with interest. 

Another important aspect is the site of interaction 
of the ultimate carcinogen within the long DNA mol- 
ecules. With the use of several different approaches, 
such as susceptibility to nucleases, separation of 
transcriptionally active from inactive DNA, or isola- 
tion of linker and nucleosome regions in chromatin, 
some of the interactions of carcinogens with DNA 
have been found not to be random. However, to 
date, no single region of high affinity has been foimd.'" 
This interesting aspect of DNA as a probable target 
for carcinogens must await the further advances in 
DNA functional segmental fractionation, such as 
through the use of appropriate restriction enzymes 
and DNA cloning for specific genes in biologically 
well-defined preneoplastic and early neoplastic cell 
populations. Included will be the possible roles of 
histones and of the nonhistone chromosomal pro- 
teins in favoring certain regions over others. 

DNA Repair 

in view of the essentially irreversible nature of ini- 
tiation with chemicals, and the apparent focal nature 
of the initiation process (see below), major emphasis 
at the molecular level is given DNA as a probable 
target in initiation. However, the evidence is largely 
circumstantial. 

Great indirect support comes from the well-known 
high incidence of skin cancer in patients with xero- 
derma pigmentosum (XP). Most of these patients 
have some degree of interference with repair of DN.A 
damaged by ultraviolet light. The tatter is the major, 
if not sole, carcinogenic stimulus in these patients,, 
and patients can be protected from skin cancer by 
careful avoidance of exposure to ultraviolet light." 
Fibroblast cultures from patients with XP show in- 
creased sensitivity not only to ultraviolet light but 
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Figure 3— Known sites at adducl formation between activated forms of some carcinogens and the (our common bases in DNA. 



also lo some chemical carcinogens and mutagens.^" 
Other human diseases, eg, ataxia telangiectasia and 
Fanconi's anemia, also show repair deficiencies in 
DNA as well as increased risk for neoplasia." 

Thus, the bulk of evidence implicating DNA as a 
major target for initiation of the development of can- 
cer comes from studies on human beings implicating 
ultraviolet light as the etiologic agent. This evidence 
is buttressed by a large amount of less dehnilive data 
on experimental chemical carcinogenesis and a 
genera! feeling that DNA repair may be a critical 
component in the development of cancer with chemi- 
cals. For example, there is a correlation under some 
conditions between the formation of 0''-methylgua- 
nine (O'-MeG) in brain, persistence of this lesion, 
and the ultimate occurrence of gliomas." This type 
of correlation is also present in liver and kidney un- 
der some conditions." Another interesting example 
relates lo the carcinogen 1 ,2-dimethylhydrazine 
(DMH). This compound is most active in inducing 
colon cancer and is not generally effective as an hepa- 
tocarcinogen. However, it does induce angiosarcoma 
of the liver. It has been found recently that the vascu- 
lar lining cells of (he liver are much less effective in 
the removal of C-meihylguanine from their DNA 
than are the hepatocytes, an observation that corre- 
lates well with the "organotropism" ot DMH.''" 



Yet other studies indicate that the genesis and per- 
sistence of 0''-MeG may be important but insufficient 
for cancer production with some nitrosamines or ni- 
trosamides."" Also, iti the liver, with some carcino- 
gens such as 1,2-dimeihylhydrazine and using a very 
early siep in carcinogenesis as the end point, only 
DNA lesions removed within about 48 hours seem to 
be of major importance, and the persistent ones 
much less so, if at all."^ 

It is often theorized that our major protection 
against cancer resides in the efficiency with which we 
repair the DNA damaged by the many carcinogens 
and mutagens in our environment. As pointed out by 
German"" and by Cairns," since fibroblasts from pa- 
tients with xeroderma pigmentosum show a defect in 
the repair of DNA damage by some chemicals^* as 
well as by ultraviolet light, such patients should show 
an elevated risk for the development of cancer in or- 
gans or tissues other than the skin if chemical carcin- 
ogens are playing important roles in the genesis of 
many forms of cancer. Yet the available data show 
no apparent increased risk in patients with XP for 
cancer other than in the skin." Patients with Bloom's 
syndrome do show such an elevated risk. Such obser- 
vations are interpreted as evidence against a role for 
the many environmental chemical hazards in the 
etiology of human cancers generally, except in well- 
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csiablished instances such as respiraiory cancvr in 
smokers and in occupational exposures." However, 
an alternate hypothesis must be eniertained, namely, 
that the role of repair may be quite ditferen! in the 
dynamics of induction of cancer with chemicals as 
compared with ultraviolet light. 

The past 10 years ha\e seen a targe expansion of 
sludies on DNA repair, largely in in vitro systems. 
These studies should lead to a much clearer delinea- 
tion of the types of repair that nu^hi be occurring in 
carcinogenesis. What does happen remains poorly 
understood. Repair by base excision, by "long versus 
short patch" removal, by possible recombination or 
other forms of "postreplicaiion" repair, by removing 
interstrand cross-links or other more complex forms 
of damage, or by other mechanisms are slowly being 
studied in many different systems in vilro and to a 
much lesser degree in vivv."' "' The enzymoiogy, al- 
though difficult, is also slowly becoming clarified. In 
the case of methylating carcinogens, an interesting re- 
cent finding is the discovery of an enzyme in bacteria 
thai removes the methyl group from the O'-positive 
of guanine in DNA by transmethylation with its 
transfer to a S-conlaining moiety in protein." This 
raises the question of whether some of the enzymes 
involved in repair of DNA damage perform physio- 
logic functions that subserve normal cellular require- 
ments Qther than repair. 

An obvious failing in much of the attempt to corre- 
late patterns of repair of DNA with carcinogenicity is 
the wide gap between the relatively advanced state of 
the chemistry, on the one hand, and the primitive 
state of the art in identifying and quantitating dis- 
crete biologic steps in the carcinogenic process, on 
the other hand. 

CatcinOf^en Meiaholisin in Human Tissues 

A gratifying aspect of recent sludies on the early 
chemical and biochemical events in carcinogenesis is 
the overall similarity in patterns of activation and 
types of adducis seen in human tissues, as compared 
with the experimental animal tissues. Studies with 
some nitrosamines, benzo(a)pyrene, aflatoxin B,, 
and other carcinogens (45-51) have shown that hu- 
man tissues in general resemble one or more animal 
tissues in their patterns of activation and in the type 
of carcinogen-DNA adducts formed. Since the me- 
tabolism of any single carcinogen, including the 
quantitative aspects of adduci formation, varies in 
detail with the source and form of the activating sys- 
tem, such as whole-cell versus microsomes or micro- 
somes-supernatani, it is not yet possible to attempt a 



highly detailed analysis of the biologic significance of 
the similarities and diherences. 

An interesting developmeni that may help lo clar- 
ify some aspects of this important phase of activation 
is the use of radioimmunoassays for specific adducts 
in DNA, especially with highly sensitive new ap- 
proaches to radioimmunoassay. ''"'" Stich detection 
of minute quantities of carcinogen-induced adducts 
in DNA opens up the possibility of studying the ex- 
posure patterns of individuals to carcinogens. This 
study, coupled with adequate medical examinalion 
and appropriate epidemiologic studies, might well 
offer new approaches to the ultimate problem of risk 
assessment. .Although it is far loo early to discuss 
such possibilities in other than general terms, it is im- 
portant to emphasize that adduci formation is an in- 
dex oi exposure, not initiation, and that persistence 
of a chemical lesion in DNA is by no means, 
synonymous with the developmeni of cancer. As dis- 
cussed below, initiation of the carcinogenic process is 
not an inevitable consequence of adduct formaiion. 
Nevertheless, the possibilities that seem imminent in 
this area of chemical carcinogenesis may allow the 
study of human carcinogenesis to enter a new phase 
of sensitivity with a new perspective. 

huiiation 

In the "classical" system of skin carcinogenesis in 
mice and rabbits, a single or brief exposure to a car- 
cinogen induces some change in the tissues, called in- 
itiation, such that focal proliferations, called papillo- 
mas, can be made to appear by application of croton 
oil or other agents called promoting agents, which by 
themselves are noncarcinogenic or only weakly so. 
This phenomenon was more recently found also in 
several other organs such as liver, brain, mammary 
gland, colon, and urinary bladder.""' Such focal pro- 
liferations (papillomas, polyps, hyperplastic nodules) 
in turn, are sites for further evolution to "neoplasia." 
Thus, initiation can only be defined so far in terms of 
a subsequent event in response to exposure to a pro- 
moting or selecting environment, ie, in biologic 
terms, not in chemical or biochemical terms. Initi- 
ation of skin, liver, mammary gland, and probably at 
most sites is largely permanent. Although some loss 
of intensity may occur with time, the general experi- 
ence is that this biologic "event" probably persists for 
the lifetime of the animal. 

These observations are most easily interpreted as 
reflecting some permanent change in the DNA in the 
rare cell affected during initiation in vivo. Whether 
the change is a mutation in a structural or regulatory 
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segment of DNA""" or involves more complex rear- 
rangements of larger segments of DNA, such as in 
transpositions," remains unknown. Pertinent are the 
observations on transformation initiated with X-rays 
or with polycydic aromatic hydrocarbons in which 
some change or changes other than a mutation in a 
rare cell appears to be involved as an early step in in- 
itiation m vitro with a highly selected cell type." " 
Until concrete evidence in support of one or another 
proposed mechanism becomes available, and until 
the molecular nature of the focal irreversible steps in 
normal development and differentiation is under- 
stood, it is preferable to denote the initiation and 
other rare focal changes during carcinogenesis as 
"rare events.'" 

One cannot equate activation of carcinogens lead- 
ing to DNA-adduct formation with initiation. For ex- 
ample, many carcinogens such as B(a)P and 7,12-di- 
raethybenzo(a)anthracene (DMBA) can be activated 
by liver to form adducts without initiating or induc- 
ing liver cancer in adult animals. However, if coupled 
with one round of cell proliferation, many can in- 
itiate'"""' and can induce liver cancer." In viiro, with 
different cell systems, cell proliferation early in the 
carcinogenic process has been shown to be required 
for transformation with X-rays," some viruses," and 
some chemicals." Although suspected form vivo car- 
cinogenesis as well,' " it has only been established for 
liver cancer formation*^ and very recently for liver 
cancer initiation.'""" Thus, as shown in Figure 4, in- 
itiation is at least a two-step process, a biochemical 
step that is repairable followed by a round of cell 
proliferation that "fixes" some change so as to make 
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it essentially permanent. The cell proliferation can be 
generated by some primary mitogenic stimulus such 
as partial hepatectomy or by a chemical mitogen*" or 
as a response to cell death.*' 

The mechanistic role of cell proliferation in initi- 
ation is not understood. The commonest hypothesis 
involves DNA synthesis or replication as somehow 
"fixing" damage in a daughter strand. While attrac- 
tive, one must be aware of other possibilities related 
to the cell cycle such as variations in activation or in- 
activalion, unusual availability of susceptible regions 
of DNA, or alterations in the repair processes at dif- 
ferent times. With at least two models of liver carcin- 
ogenesis," " cell proliferation, to be effective, must 
occur within 1-3 days after the administration of (he 
carcinogen. 

The lack of a major degree of reversibility of the 
initiated state indicates that the very early carcino- 
gen-induced altered cells arc not recognized by the 
host in a manner that leads to their destruction. This 
raises serious doubts about the validity of the concept 
of immune surveillance at an early stage in chemical 
carcinogenesis,** as it has been proposed for the host 
control of the development of cancer.'" 

If the initiation process in the liver or elsewhere in- 
volves an occasional single or rare target cell, as is 
probable.""" such isolated cells have yet to be char- 
acterized as to phenotype or genotype, since they 
have not been seen. Although many markers appear 
after the prohferation of the initiated cells, it is not 
known what role the cell proliferation plays in their 
appearance. 

The probable requirement for cell proliferation for 
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iniiation has iinportam implications for the devel- 
opment of cancer in many sites in human beings. In 
[he tissues showing continual proliferation (skin, 
bone marrow, gastrointestinal tract), initiation of 
carcinogenesis with chemicals could be dependent 
largely on the metabolic patterns of activation and 
repair, providing initiated cells are retained. How- 
ever, in the nonproliferating tissues, such as pan- 
creas, salivary gland, liver, kidney, urinary bladder, 
and brain, an important rate-limiting step for begin- 
ning the carcinogenic process may be cell prolifera- 
tion. Thus, concomitant cell necrosis induced by vi- 
ruses, toxic agents, parasites, dietary deficiencies, 
and so on, followed by cell regeneration, could be a 
major determinant for initiation of cancer in many 
sites. In addition, the presence of many proliferating 
cells is probably one basis for the susceptibility of the 
fetus and neonate to many chemical carcinogens'" 
and could account for the peak in cancer incidence in 
the first decade. Some counterbalance for this could 
be the relatively poor development of the metabol- 
ic activating systems for some types of carcinogens 
in some species.""^ It is noteworthy and perhaps 
significant that the human fetus, unlike the rodent 
fetus, acquires the capability of activation of some 
carcinogens early in development" and thus may 
be at greater risk than some experimental animals 
for the development of cancer with chemicals. 

Essential Nature of Initialed Cells. A most impor- 
tant question for initiation concerns the essential 
biologic nature of the initiated cells. What properties 
have they acquired that enable them, as a group, to 
be precursors fo/ the ultimate development of can- 
cer? What property or properties confer on these 
relatively few cells the ability lo he stiimdated to 
form a focal area of protiferalioni The available 
evidence is against any conclusion that the initiated 
cells have acquired any autonomy of growth.* ' With- 
out appropriate promotion by noncarcinogenic or 
carcinogenic agents, few if any postinitiation focal 
proliferations are seen in the systems so far studied. 

In most systems, the properties critical to initiation 
remain unknown. In two continuously proliferating 
tissues, the skin'' and the colon,'" an early property 
of carcinogen-altered cells appears to be some distur- 
bance in the programming or control such that the 
cells do not show the normal progression of differen- 
tiated properties. Whether these are "inherent" prop- 
erties of the altered cells or a reflection of some change 
in the local environment has not been established. 

In the liver, three properties of initiated cells have 
been observed. The first, the appearance of enzyme 
deficiencies or excess or other biochemical changes, 
have been used to identify putative preneoplastic 



hepatocytes"^ " ™ However, so far no hypothesis has 
appeared implicating any one or more of such changes 
in mechanisms of carcinogenesis. The second proper- 
ly, resistance to the inhibitory effects of carcinogens 
on cell proliferation, has been shown to be that of 
one type of initiated cell in which a mechanism for 
focal proliferation can be formulated (differential in- 
hibiiion)."' An assay for the quantitative assessment 
of such resistant hepatocytes has been used to study a 
variety of properties of initiation and initiated cells."' 
A third functional property has been proposed — re- 
tention of a response to mitogens by initiated cells 
and loss of such response by the majority of sur- 
rounding cells on repeated stimulation.*'^ This ap- 
proach also can be used as a model for a mechanism 
of promotion (differential stimulation).''-^ 

In this context, it is attractive to consider that 
many different types of initiated cells may be induced 
by exposure to an active carcinogen (Figure 5) and 
that the nature of the cells selected or "promoted" 
may be a property of the promoting or selecting en- 
vironment. Conceivably, each target organ or tissue 
for a carcinogen might well have a spectrum of types 
of potentially initiated cells, but the cells selected or 
promoted may reflect the mechanism of promotion 
appropriate for that particular tissue or organ (see 
next section). Since a round of cell proliferation 
seems to be an essential step for initiation, the only 



ACTIVATtb 
CAACMOaCN 





ACTIVATED 
CAXCIHOOtH 



IHITIATKIN 



notiOTroM 



Figure 5— Diagrammatic representation of mitiation ar^d promo- 
tion, as viewed with the rare event-selection hypothesis. The dilfer- 
ent symbols represent different types of functionally altered hepato- 
cytes. Althougti only three general types of initiated cells are included 
(O • A|, it 15 possible that many more types may be induced by an 
Initiating dose of a carcinogen. Conceivably, only some types can be 
promoted or selected by environments appropriate lo each particu- 
lar tissue or organ. According lo this hypothesis, amplification (or 
e>!pansion) of appropriately altered hepatocytes is the first prere- 
quisite of promotion in the liver. 
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cells that are targets for the initiating effects of a car- 
cinogen would be those that are cycling or those that 
enter the cycle before repair of the critical molecular 
lesions is complete. 

Thus, initiation of chemical and some other forms 
of carcinogens can be viewed as the induction of al- 
tered cells that can be selected by an environment ap- 
propriate for those cells and for the tissue or organ in 
which they are induced. 

Whether some or all initiated cells have, in addi- 
tion to a "handle" for selection, properties that relate 
directly or intimately to cancer remains to date un- 
known. At one extreme is the hypothesis that the ini- 
tiation process does nothing relevant to cancer other 
than allow a rare cell or group of cells to develop into 
a focal proliferative lesion and that all subsequent 
steps related to cancer are acquired at later times. At 
the other extreme is the hypothesis that the initiating 
dose of a carcinogen imparts some more direct cancer- 
related property or properties to the initiated cells, 
and it is such properties thai play a role in determin- 
ing which of the many preneoplastic lesions progress 
to cancer. The obvious challenge to cancer research is 
to devise experimental approaches to test these 
hypotheses. 

Prehn'-* and others have periodically suggested that 
a carcinogen or carcinogenic stimulus might not in- 
duce an altered cell during initiation but rather might 
encourage the selection of a preformed cell already 
present in the target tissue. Since promoting agents or 
environments for the skin or liver often do not lead 
to the appearance of preneoplastic or neoplastic le- 
sions in the absence of an initiating exposure to a car- 
cinogen, it does not appear likely that initiated or 
altered cells exist preformed in most models of car- 
cinogenesis. In the many studies on skin and in the 
increasing number on liver, exposure to a carcinogen 
under "initiating conditions" is a prerequisite for car- 
cinogenesis e.xcept in a rare strain of susceptible ani- 
mals.'' "'" However, the unusual susceptibility of a 
rare preformed cell to the inducing or initiating effects 
of carcinogens cannot be ruled in or out with the cur- 
rently available methods of cell analysis in tissues. A 
negative conclusion concerning the selection of a pre- 
formed altered cell by a carcinogen />? vitro has been 
reached by Heidelberger." 

Thus, in several different systems, it appears that 
exposure to a carcinogen under initiating conditions 
induces rather than selects altered target cells, al- 
though an unusual or rare susceptibility of some pre- 
formed ceils (o such an inducing effect has not been 
ruled out. If, as seems probable, many different types 
of initiated cells may be induced by exposure to an 
activated carcinogen, the existence of a small popula- 
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tion of preformed cells that are peculiarly programmed 
for susceptibility becomes much less likely. 

In the liver, the initiated resistant cell that can be 
selected in the Solt-Farber model appears to be ran- 
domly distributed without any apparent predilection 
for one or other zones of the liver acinus." This plus 
other considerations' make it highly unlikely thai the 
target ceil in the liver for carcinogens is a hypothetical 
stem cell. Whether such hypothetical stem cells exist 
and are targets in many other tissues remains un- 
known. In those tissues in which a reserve of prolifer- 
ating cells are considered to be stem cells (eg, bone 
marrow, skin[?]), it is unknown whether such cells 
are peculiarly susceptible to the initialing effects of a 
carcinogen. Naturally, in such tissues, if a round of 
cell proliferation is obligatory for initiation, as is 
very probable, the replicating cells would be the ex- 
clusive targets in carcinogenesis. However, in ihe 
skin at least, situations exist in which cell division ap- 
pears in suprabasal layers of the epidermis. These 
cells recruited for proliferation also might well be 
susceptible to initiation of carcinogenesis. 

Although the majority of chemical carcinogens fall 
well within the current paradigm of initiating effects 
being related to some form of DNA damage, there 
are known carcinogens that appear to be exceptions. 
A growing list of hypolipidemic agents," several pes- 
ticides, herbicides and other xenobiotics," and at 
least one drug, methapyrilene'" have so far not been 
shown to generate mutagenic or other DNA-damaging 
effects. Is this merely a reflection of deficiencies in 
our technology, or are there pathways to cancer that 
do not involve DNA damage of exogenous origin as 
essential early steps in the process? 

Promoters and Promolion 

The term "promotion" is often used for the process 
whereby "neoplastic development," "tumor forma- 
tion," or "cancer development" is accelerated or en- 
couraged in a tissue thai has been exposed to an initi- 
aling dose or doses of a carcinogen. 

Promoters 

Early in the recent history of chemical carcinogen- 
esis, studies by Rous, Berenblum. Mottram and their 
respective coworkers led to the discovery of a model 
for chemical carcinogenesis thai has laid the major 
foundation for our current views. The observation 
that a noncarcinogen, croion oil, could stimulate tu- 
mor formation in the skin following a brief initial ex- 
posure to a carcinogen naturally encouraged a chemi- 
cal "attack" on croton oil. Hecker'" and Van Duuren" 
and [heir colleagues discovered that esters of the 
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diterpene phorbol, isolated from croton oil. have 
%cry pQiem promoting effects on mouse skin. The 
past se\eral years has seen the appearance of a large 
number of reporis on many ditfereni eflects of these 
and similar agents from related plants such as ingenol 
and resiniferol." Many biocliemical, metabolic and 
biologic effects are induced in many different normal 
cells by the phorbol esters and in the vast majority of 
cases, the intensity of the particular effect parallels 
closely the efficacy of the compounds as promoters of 
skin papillomas in mice following an exposure to a 
single dose of DMBA or a similar carcinogen.^""' 
These eflects include changes in morphology, micro- 
tubule polymerization, cell proliferation, enzyme in- 
duction, polyamine synthesis, phospholipid synthe- 
sis, membrane structure and function, adenosine 
triphosphatase (ATPase), release of prostaglandins, 
inhibition and sometimes stimulation of differenti- 
ation, and many others in a wide variety of normal 
cells and ceil lines. Many of the effects are considered 
to be pleiotropic. 

Very recently, using a less active phorbol ester, 
■'H-phorbol dibuiyrate, Blumbcrg and Shoyab et al"""' 
have found that membranes of hbro blast cultures 
and mouse epidermal cells contain a high affinity re- 
ceptor for many phorbol esters, including one of the 
most active, 12-0-ietra-decanoyl-phorbol-13-acelate 
(TPA). As yet the "natural" metabolites for the re- 
ceptors have not been identified. Given the wide di- 
versity and the large number of effects seen in treated 
cells, it may be that more than one type of receptor is 
involved. 

The current studies on phorbol esters and related 
Compounds offer some e.\citing new tools for the 
study of a variety of aspects of cell structure and 
function. At a minimum, they should lead to a better 
understanding of how ihe binding of a chemical to 
receptors triggers a whole array of biologic responses 
and what known and unknown pathways are used to 
effect the changes in cell structure and function. In 
addition, since some of the vitamin A analogs, reti- 
aoids, antagonize selected effects of the phorbol esters 
and also delay or inhibit cancer development in sever- 
al systems,'"" where do the molecular pathways for 
the effect of these two classes of agents intersect and 
interact? These are most interesting areas for studies 
of fundamental cell biology. 

However, as yet it is impossible to relate the find- 
ings in vitro to chemical carcinogenesis in vivo. Given 
the array of phenomena induced by the phorbol es- 
ters, how does one select relevance to promotion? 

A major problem concerns the matching of the 
target cells in vivo and in vitro. In the intact animal, 



an active promoter does not induce focal prolifer- 
ations such as papillomas in the normal skin, but only 
after initiation. Howe\er, many skin promoters do 
induce general hyperplasia of the epidermis in un- 
initiated animals. Studies in se\eral laboratories have 
shown that a general stimulation of cell proliferation 
is insufficient for the selective or differential stimula- 
tion of initiated skin to form papillomas.*" 



The l^roccs^ oj Promotion or Selection 

Definition. Operationally, the term "promotion" is 
often used for the process whereby "neoplastic devel- 
opment." "tumor formation," or "cancer develop- 
ment" is accelerated or encouraged in a tissue that 
has been exposed for a relatively brief period to an 
initiating dose of a carcinogen. As with the term "in- 
itiation," this type of definition is not very useful for 
any stepwise analysis of carcinogenesis, since it does 
not include limits to end points and incorporates in a 
vagtie manner both early and late steps in the multi- 
step process of cancer development. 

A more useful definition is as follows: promotion 
is the process whereby an initiated tissue or or^an de- 
velops focal proliferations, one or more of which 
may act as precursors for subsecfueni steps in the car- 
cinogenic process. The definition appears to be valid 
at least in the skin and the liver, two sites in which the 
sequential analysis of cancer development is the most 
advanced. This definition limits the term "promotion" 
to a single biologic phenomenon and to one that may 
be quantitated by the use of at least three parameters; 
number, size, and rate of appearance of focal prolif- 
erations. This definition also implies that an essential 
element of promotion is the selective stimulation of 
only a very small proportion of the cell population in 
the original target tissue. In other words, a promoting 
environment supplies the motive force for the prolif- 
eration of initialed cells in a selective fashion. 

Properties. In the skin and in one model in the 
liver, "the resistant cell tnoclel"'" "' the application of 
a strong promoter or promoting environment pro- 
duces, as a very early phenomenon, focal prolifera- 
tions, the number of which is proportional to the 
dose of the initiating carcinogen used. In the liver 
model, a single, relatively brief period (2-3 weeks) of 
focal proliferation, resulting in the appearance of 
liver cell nodules (hyperplastic nodules), is sufficient 
to set in motion the remainder of the process leading 
to liver cell cancer in about TO-SO^/o of ani- 
mals." "" '"■' In one or very few nodules new focal 
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cellular proliferations appear that generate "nodules 
within nodules." and this process seems to repeat it- 
self until obvious malignant hepatocellular carcin- 
oma appears. Thus, the termination of the promot- 
ing operation occurs long before the second rare 
event appears; ie, an external promoting environ- 
ment is only necessary for a relatively brief period 
during the preneoplastic phase of carcinogenesis.' 

In the skin, even with very potent promoters such 
as some of the phorbol esters, repealed application is 
necessary before focal proliferations (papillomas) be- 
come easily recognized. However, as has been repeat- 
edly reported,' the application of the promoter can 
terminate before the appearance of the next obvious 
tissue change, the focal alterations in one or a few 
papillomas ("rare event" number 2).*' '°"*' 

In other models of liver carcinogenesis" **"""" 
and of carcinogenesis in other organs'" the promot- 
ing environment has been imposed for many months, 
and the minimal time for adequate promotion has yet 
to be reported. 

The demonstration of a "material continuity"" or 
a physical or cellular link between initiated cells and 
presumed subsequent steps in the stepwise evolution 
to cancer is an absolute prerequisite for any model to 
be useful in the study of the sequential events in car- 
cinogenesis, and this link is lacking in most models. 
In the skin, the focal proliferations appearing dur- 
ing promotion have classically been called tumors or 
papillomas. Similarly in the liver, the focal prolifer- 
ations or hyperplastic nodules have been designated 
by some authors as adenomas"" or more recently 
neoplastic nodules.'"* Since most of the so-called 
papillomas and adenomas or neoplastic nodules un- 
dergo regression or maturation (remodeling) on 
termination of the promoting environment, 1 con- 
sider their designation as benign neoplasms inappro- 
priate. As long as persistence or continued prolifer- 
ation is environment-dependent and reversible 
(Figure 1), I consider the focal proliferations to be 
largely hyperplastic in nature and not neoplastic. 
Thus, it appears reasonable to designate the lesions 
that appear prior to rare event number 2 as preneo- 
plastic and essentially hyperplastic. 

As observed in experimental in vivo models in 
common use today, cell proliferation is an essential 
phenomenon in promotion. It is therefore to be an- 
ticipated that many biochemical changes seen in the 
different phases of the cell cycle,'"" such as an increase 
in ornithine decarboxylase activity, will be seen. 
Whether one or more of such changes in enzymes, 
cell membrane, DNA organization, and so on, will 
play a special role in promotion over and above that 
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related to the cell cycle per se remains an interesting 
challenge. 

Essential Nature and Possible Mechanisms. Ac- 
cording to this formulation, promotion consists, as a 
minimum, of the expansion or amplification of car- 
cinogen-induced initiated cells to form focal prolif- 
erations, one or more of which develop further 
changes thai may lead to cancer. Thus, an essential 
feature of promotion is the creation of a mitogenic 
environment that imposes a differential effect on in- 
itiated cells vis-a-vis the surrounding cells. 

If the first carcinogen-induced initiated cells have 
not acquired any autonomy of growth or prolifer- 
ation, as appears to be the case,' how can such cells 
be encouraged to produce focal proliferations? At 
least four possible overall ways come to mind: \) dif- 
ferential inhibition; 2) differential stimulation; 3) dif- 
ferential necrosis with regeneration; and 4) differen- 
tial recovery. 

DIFFERENTIAL iNHtBiTioN: If a general stimulus for 
cell proliferation (eg, a promoter) is applied, and cell 
proliferation is inhibited in the surrounding cells but 
not in the initiated ceils, a focal proliferation of the 
initialed cells would be expected. Such an overall bio- 
logic mechanism could well lead to nodules or papil- 
lary growths. If the stimulus is reasonably intensive 
and if the inhibition is marked, rapid proliferation of 
initiated cells would be anticipated. This appears to 
be the general mechanism for the rapid induction of 
hyperplastic nodules in the "resistant cell model" of 
liver carcinogenesis." ■"' 

Since most carcinogens inhibit cell proliferation 
and/or DNA synthesis to a greater degree in many 
uninitiated cells than in preneoplastic or neoplastic 
cells (see Farber"" for references), differential inhibi- 
tion is a likely phenomenon in at least some tissues or 
organs that are exposed to carcinogens continuously 
or even intermittently for a relatively long period. 
Chronic exposure to carcinogens is commonly seen in 
most instances of cancer in nature. 

DiFFKRtiNTiAi STIMULATION: Differential stimulation 
has been proposed as the overall mechanism for liver 
cancer induction by at least two xenobiotic enzyme 
inducers, o-hexachlorocyclohexane (o-HCH) and 
cyproterone acetate (CPA).*" These compounds are 
mitogenic for hepaiocytes. However, the uninitiated 
hepatocytes lose their response after one or a few cell 
cycles, while the initialed cells continue to respond, 
thus generating nodules. 

DIFFtRENITAL NEIKOSIS WITH REGENERA I ION: DiHcr- 

eniial necrosis with regcncraiion is proposed for ■.ome 
promoting environments in liver and elsewhere. Since 
focal hyperplastic lesions (nodules) are resistant to 
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dilcrpcne phorhol, isolaicd from croton oil, have 
vcr\ poteni promoting clfccfs on mouse skin. The 
past several years has seen ilie appearance of a large 
nunilicr of reports on niarn dilTerenl ell'ecis of these 
and similar agents from related plants siieh as ingenol 
and resiniferol.'' Many biochemical, meiabolic and 
biologic eti'ccts are induced in mans differcni normal 
cells by the phorbol esters and in the vast majority of 
cases, the intensity of the particular effect parallels 
closeh (he e!!icacy of the compounds as promoters of 
skin papillomas in mice following an exposure to a 
single dose of DMBA or a similar carcinogen."'"" 
These etTecls include changes in morphology, micro- 
tubule polymeri/ation, cell proliferation, enzyme in- 
duction, polyamine synthesis, phospholipid synthe- 
sis, membrane structure and function, adenosine 
triphosphatase (ATPase), release of prostaglandins, 
inhibition and sometimes stimulation of differenti- 
ation, and Tnan\ others in a wide variety of normal 
cells and cell lines. Many of the effects are considered 
lo be pleiotropic. 

Very recently, using a less active phorhol ester, 
'H-phorbol dibutyrate, Bluniberg and Shoyab et al"' '" 
have found that membranes of fibroblast cultures 
and mouse epidermal cells contain a high affinity re- 
ceptor for many phorbol esier.s, including one of the 
most active, 12-()-ieira-deeanoyl-phorbol-13-aeetaic 
(TPA). As yet the "natural" metabolites for the re- 
ceptors have not been ideniiticd. Ciivcn the vvide di- 
versity and the large number of effects seen in treated 
cells, it may be that more than one type of receptor is 
involved. 

The current studies on phorbol esters and related 
compounds oiler some exciting new tools for the 
study of a variety of aspects of cell structure and 
function. At a minimum, they should lead to a better 
understanding of how the binding of a chemical to 
receptors triggers a whole array of biologic responses 
and what known and unknown pathways are used lo 
effect the changes in cell structure and function. In 
addition, since some of ihc vitamin A analogs, reti- 
noids, antagonize selected effects of the phorbol esters 
and also delay or inhibit cancer development in sever- 
al systems,""' where do the molecular pathways for 
the effect of these two classes of agents intersect and 
interact? These arc most interesting areas for studies 
of fundamental cell biology. 

However, as yet it is impossible to relate the find- 
ings in vHro to chemical carcinogenesis in vivo. Given 
the array of phenomena induced by the phorbol es- 
ters, how does one select relevance to proirtotion? 

A major problem concerns the matching of the 
target cells in viva and in vitro. In the intact animal. 



an active promoter does not induce focal prolifer- 
ations such as papillomas in the normal skin, but only 
after initiation. However, many skin promoters do 
induce general hyperplasia of the epidermis in un- 
initiated animals. Studies in several laboratories have 
shown that a general stimulation of cell proliferation 
is insufficient for the selective or differential stimula- 
tion of initiated skin to form papitloinas.'*'' 



Till' Pniccss of Pronuilion or Sclcctmn 

Definition. Operationally, the term "promotion" is 
often used for the process whereby "neoplastic devel- 
opment," "tumor formation," or "cancer develop- 
ment" is accelerated or encouraged in a tissue that 
has been exposed for a relatively brief period to an 
iniiiatitig dose of a carcinogen. As with the term "in- 
itiaiion," this type of definition is not very useful for 
any stepwise ailalysis of carcinogenesis, since ii does 
not include limits to end points and incorporates in a 
vague manner both early and late steps in the multi- 
step process of cancer development. 

A more useful definition is as follows: proitinlion 
is the pr(A'ess whereby an initialed tissue or or^an de- 
velops focal proliferations, one or more of which 
mav act as precursors for suhseqtteni steps in the car- 
cinoiienic process. The definition appears lo be valid 
at least in the skin and the tlver, two sites in which the 
sequential analysis of cancer development is the most 
advanced. This deiinitioii limits the term "promotion" 
to a single biologic phenomenon and to one that may 
be quantitated by the use of at least three parameters: 
number, si/e, and rate of appearance of focal prolif- 
erations. This definition also implies that an essential 
element of promotion is the selective stimulation of 
only a very small proportion of the cell population in 
the original target tissue. In other words, a promoting 
environment supplies the motive force for the prolif- 
eration of initiated cells in a selective fashion. 

Properties. In the skin and in one model in the 
liver, "the resistant cell mode!,"'" "' the application of 
a strong promoter or promoting environment pro- 
duces, as a very early phenomenon, focal prolifera- 
tions, the number of which is proportional to the 
dose of the initialing carcinogen used. In the liver 
model, a single, relatively brief period (2-3 weeks) of 
focal proliferation, resulting in the appearance of 
liver cell nodules (hyperplastic nodules), is sufficient 
to set in motion the remainder of the process leading 
to liver ceil cancer in about 70-80'^'o of ani- 
mals." "*' '"' In one or verv few nodules new focal 
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cellular proliferations appear that generate "nodules 
within nodules," and this process seems to repeat it- 
self until obvious malignant hepatocellular carcin- 
oma appears. Thus, the termination of the promot- 
ing operation occurs long before the second rare 
event appears; ie, an external promoting environ- 
ment is only necessary for a relatively brief period 
during the preneoplastic phase of carcinogenesis.' 

In the skin, even with very potent promoters such 
as some of the phorbo! esters, repeated application is 
necessary before focal proliferations (papillomas) be- 
come easily recognized. However, as has been repeat- 
edly reported,' the application of the promoter can 
terminate before the appearance of the next obvious 
tissue change, the focal alterations in one or a few 
papillomas ("rare event" number l).' ' "" '« 

In other models of liver carcinogenesis""*^'"' "" 
and of carcinogenesis in other organs* ' the promot- 
ing environment has been imposed for many months, 
and the minimal lime for adequate promotion has yet 
to be reported. 

The demonstration of a "material continuity"' ' or 
a physical or cellular link between initiated cells and 
presumed subsequent steps in the stepwise evolution 
to cancer is an absolute prerequisite for any model to 
be useful in the study of the sequential events in car- 
cinogenesis, and this link is lacking in most models. 
In the skin, the focal proliferations appearing dur- 
ing promotion have classically been called tumors or 
papiliomas. Similarly in the liver, the focal prolifer- 
ations or hyperplastic nodules have been designated 
by some authors as adenomas"" or more recently 
neoplastic nodules.""* Since most of the so-called 
papillomas and adenomas or neoplastic nodules un- 
dergo regression or maturation (remodeling) on 
termination of the promoting environment, I con- 
sider their designation as benign neoplasms inappro- 
priate. As long as persistence or continued prolifer- 
ation is environment-dependent and reversible 
(Figure I), I consider the focal proliferations to be 
largely hyperplastic in nature and not neoplastic. 
Thus, it appears reasonable to designate the lesions 
that appear prior to rare event number 2 as preneo- 
plaslic and essentially hyperplastic. 

As observed in experimental in vivo models in 
common use today, cell proliferation is an essential 
phenomenon in promotion. It is therefore to be an- 
ticipated that many biochemical changes seen in the 
different phases of the cell cycle,"" such as an increase 
in ornithine decarboxylase activity, wilt be seen. 
Whether one or more of such changes in enzymes, 
cell membrane, DNA organization, and so on, will 
play a ipeciul role in promotion over and above that 
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related to the cell cycle per se remains an interesting 
challenge. 

Essential Nature and Possible Mechanisms. Ac- 
cording to this formulation, promotion consists, as a 
minimum, of the expansion or amplification of car- 
cinogen-induced initiated cells to form focal prolif- 
erations, one or more of which develop further 
changes that may lead to cancer. Thus, an essential 
feature of promotion is the creation of a milogenic 
environment that imposes a differentia! effect on in- 
itiated ceils vis-a-vis the surrounding cells. 

If the first carcinogen-induced initialed cells have 
not acquired any autonomy of growth or prolifer- 
ation, as appears to be the case,' how can such cells 
be encouraged to produce focal proliferations? At 
least four possible overall ways come to mind: I ) dif- 
ferential inhibition; 2) differential stimulation; }) dif- 
ferential necrosis with regeneration; and 4) differen- 
tial recovery. 

DiirERiNTiAL iNHiBtTioN: If a gcucral stimulus for 
cell proliferation (eg, a promoter) is applied, and cell 
proliferation is inhibited in the surrounding cells but 
not in the initiated cells, a focal proliferation of the 
initiated celts would be expected. Such an overall bio- 
logic mechanism could well lead to nodules or papil- 
lary growths. If the stimulus is reasonably intensive 
and if the inhibition is marked, rapid proliferation of 
initiated cells would be anticipated. This appears to 
be the general mechanism for the rapid induction of 
hyperplastic nodules in the "resistant cell model" of 
liver carcinogenesis." '"' 

Since most carcinogens inhibit cell proliferation 
and/or DNA synthesis to a greater degree in many 
uninitiated cells than in preneoplastic or neoplastic 
cells (see Farber"" for references), differential inhibi- 
tion is a likely phenomenon in at least some tissues or 
organs that are exposed to carcinogens continuously 
or even intermittently for a relatively long period. 
Chronic exposure to carcinogens is commonly seen in 
most instances of cancer in nature. 

OK-htRi-NTiAi. stimulation: Differential stimulation 
has been proposed as the overall mechanism for liver 
cancer induction by at least two xenobiotic enzyme 
inducers, a-hexachlorocyclohexane (o-HCH) and 
cyproierone acetate (CPA)." These compounds are 
mitogenic for hepatocytes. However, the uninitiated 
hepatocytes lose their response after one or a few cell 
cycles, while the initiated cells continue to respond, 
thus generating nodules. 

Din-KRhSTIAl NK ROSIS WITH RI-.dl-.M RATION: Dillcr- 

cntial necrosis wiili regeneration is propc:ised lor ^ome 
promoting environments in liver and elsewhere. Since 
focal hyperplastic lesions (nodutes) are resistant to 
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the cyiotoxiciiy of carcinogens and other toxic 
agenis,'" the selective induction of necrosis in the 
tissue surrounding the foci of initialed cells followed 
by regeneration would maintain the surrounding tis- 
sue in equilibriutii, while the growth stimulus would 
produce progressive growth of the resistant nodules. 
The promoting effect of a choline-deficicnt diet"" '"" 
on liver carcinogenesis may well be of this nature. 

DUitKiNiiAi Ri-covi-R'i : DitTereiitial recovery is a 
proposed biologic mechanism for some systems in 
which both the initiated cells and surrounding cells 
respond equally, but the initiated cells fail to return 
to (he resting condition as quickly or as completely as 
do the surrounding. This delay or block in recovery is 
seen in liver hyperplastic foci and nodules,"' and 
niighi well be a property of other initiated cells also. 
Conceivably, the active phorbol esters or other effec- 
tive skin promoters might operate through such an 
overall mechanism. 

Since each one of these four suggested mechanisms 
would probably operate through different biochemi- 
cal or molecular mechanisms, it would appear to be 
imporlanl to establish the overall phenomenon before 
focusing on one or more molecular hypotheses. 

Another critical question concerning promotion is 
whether focal or dilTerential cell proliferation is suHi- 
cicnt to set in motion the chain of events leading to 
cancer or whether additional effecls of carcinogens or 
of promoting environments, such as gene activation, 
or other biochemical cellular modulations in the 
amplified or expanded initiated cells are required. In 
other words, is amplifiiuiiou of an iniituied eel! pop- 
ulalion sujjicienl or is (iinplijiculion plus cellular 
modulation essential? 

To my knowledge, this crucial question has not 
been posed experimentally, since the assumption is 
generally made that modulation {gene activation?) is 
needed for progression and cvolulion lo cancer. This 
piejudgmenl appears to be premature. This is partic- 
ularly evident when one realizes that the amplified in- 
itiated cell population does not progress to cancer en 
masse but rather appears to provide a population of 
appropriate si/e and at sufficiently high risk for the 
occurrence of the next rare event (number 2).' 

Faie and Options for Focal Proliferations. It is 
wdll known that the majority of papillomas in the 
skin induced by a phorbol ester after application of a 
single dose of a carcinogen undergo regression with 
only a minority persisting."'' "'* '"" A similar phenom- 
enon has been ■^een in the liver and urinary bladder' 
and possibly in the colon. "^ 

In the liver and in the skin, at least two populations 
of focal proliferations (nodules and papillomas) have 



been identified -a majority that regress or mature 
(remodel) and a minority that persist. Subsequent 
focal atypical and neoplastic cellular changes have 
been found in an occasional persistent nodule or 
papilloma. 

in the liver, new insights are appearing from studies 
on the resistant cell model. '"^ m-n^ since a sequence 
of early preneoplastic hepatocyte lesions now can be 
followed (Figure 6), it is becoming apparent that 
there are at least ihree distinguishable focal lesions 
that appear sequentially. The very smallest foci, com- 
posed of only a few cells (perhaps up to 8 or 16 cells), 
are generally low in epoxide hydrolase activity but 
high in y-glutamyl transpeptidase."" These small le- 
sions persist for long segments of the animal's life 
span, may show a slow increase in size and do not 
seem to undergo any remarkable change in appear- 
ance. This is also the experience of Scherer and Em- 
melot,"* Sirica et al,'" and Peraino el al.*' When 
livers containing these very early foci are selected (or 
promoted), the foci rapidly grow Into nodules within 
a matter of days." While still microscopic, the en- 
larging foci now become much more active for epox- 
ide hydrolase."" When these reach a size of about 1 
mm or so within 2-3 weeks, they retain their high ac- 
tivities of epo.xide hydrolase and y-glutamyl trans- 
peptidase and now show one of two overall fates."" 
The majority (9()-95'^o) undergo remodeling toward 
normal-appearing iiver, wiih the gain of negative 
markers and the loss of the positive ones.'"'"'"" 
The remodeling nodules can be identified very early. 
However, the extent of remodeling is quite variable; 
some nodules show a rapid change (1 month or so), 
others a slow change (a few months), and the major- 
ity fall in between. A small minority, about lcs>, than 
S^/o, show no remodeling but persist as unremodeled 
nodules. Basophilic nodules and ultimately metasta- 
sizing hepatocellular carcinoma can be seen arising 
inside a few such nodules. The persistent nodules 
show labeling indices of 2-3 1^0, as compared with the 
indices in the remodeling nodules and surrounding 
liver, of 0.1-0.2<'/o."' 

Thus, it appears that more refined steps may be 
identified early in carcinogenesis with the use of a 
much better synchronized system (Figure 6). Because 
of the intensity of the selection pressure (the promot- 
ing environment), all the responding resistant hepat- 
ocytes behave pretty much in unison, producing a 
moving cohort up to the time of the appearance of 
the visible hyperplastic nodule. Within 3-4 weeks,, 
the nodules become sufhciently large to be mechani- 
cally "shelled out" from the surrounding liver. 

For biochemical, rneiabolie, and dynamic biologic 
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figun 6— Current view ot the 
sequence of steps during the 
genesis a( tiepatocellular caf- 
cinoma with ctiemicals. This 
concept was derived from the 
study ot the available models ot 
liver carcinogenesis, with em- 
phasis on the resistant hepalo- 
eyte niodel- 
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Studies, grossly visible lesions that are synchronized 
are essential. Most ol the models of liver carcinogen- 
esis do not generate such lesions and iherelore are 
not particularly useful for these types of studies. This 
is regrettable, since the limitations that exist in a 
model that requires microscopic e.vamination tor 
analysis are serious. 

A critical issue that has not yet been analyzed is the 
basis for the difference between the majority of focal 
populations that undergo some form of regression or 
remodeling and the minority that persist. In turn, are 



all the persisting nodules capable of acting as sites for 
further steps lo cancer, or is this population also 
heterogeneous in this respect? With regard to regres- 
sion versus persistence, is this option built in at the 
time of initiation, or is it a reflection of the intensity 
of a continuing environment that favors persistence 
by stimulating cell proliferation? If the latter is valid, 
ihe degree of persistence is the result of a stochastic 
phenomenon and not predetermined by exposure to 
the carcinogen. 

With regard to the question of equivalence or other- 
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wise of all persi^iing lesions, conceivably Lhc\ may all 
be capable of acting as precursors for cancer, bui the 
rates are ditVcretit and the animal succumbs to one 
cancer before others appear. 

Another desirable property of models of carcino- 
genesis is the clear-cut evidence that each proposed 
lesion is truly a step in a proposed sequence. This re- 
quires that a physical link be established between the 
different populaiiors. This is readily shown in the 
papilloma in the mouse skin, in which further pro- 
gression to cancer can be seen. In the liver, only the 
resistant cell model has shown this sequence: resis- 
tant initiated ceil -* focus -* nodule -* metastasizing 
hepatocellular carcinoma'' (Figure 6). Unforlunatc- 
ly, no model is available that allows an unequivocal 
study of the cellular metabolic and structural charges 
integral to preneoplastic, neoplastic, and malignant 
neoplastic transformations, in every available mode!, 
the number of putative preneoplastic focal prolifer- 
ations is always larger, sometimes by a factor of 10 to 
100, than the number of focal proliferations under- 
going further steps in the process, improved models 
are clearly needed if the preneoplasia-malignant neo- 
plasia scries of steps is to be studied scientifically. 

Naturallv Occiirrinfi I'roiiioiion or Selection. 
There is a strong suspicion on the pan of some inves- 
tigators that many tissues or organs create a "physio- 
logic" promoting or selecting environment. The most 
provocative evidence in this respect relates to car- 
cinogenesis in the colon or the urinary tract. In each 
of these locations, diversion of the normal stream of 
movement of contents has been found to lead to a de- 
creased incidence of neoplasia with known carcino- 



gens 



Also, there exist in the literature many ex- 



amples in which cancer can be induced by a .single ex- 
posure to a large dose of carcinogen, a situation that 
might well he dependent upon an interplay between a 
"physiologic" promotion and the appropriate meta- 
bolic and structural changes in a target organ or tis- 
sue. For the liver, the continual exposure to many 
compounds from the intestine, and for the skin, ex- 
posure to ultraviolet light, could be playing selecting 
roles in carcinogenesis. 

There is a growing feeling that one of the major 
factors in determining cancer development is the 
presence and intensity of promoting environments.'" 
In addition to some specific agents, such as pheno- 
barbiial, buiylated hydro.xyloluene, and polychlor- 
inaied hiphcnyis for liver," prolactin for the mam- 
mary gland,''' and bile acids for the colon,'" '" diet 
has been found to influence carcinogenesis in several 
systems.' ' However, the specific roles of individual 
dietary components and of their balances remain to 
be established in most instances. 



!t is noteworthy that the imposition or application 
of a promoting environment need not be continued 
until obvious neoplasia develops.' ^ Rather, as al- 
ready mentioned, the promoting elfect seems to be 
necessary only to induce a persistent focal prolifer- 
ative lesion, such as a nodule, a papilloma, or a 
polyp; and the further evolution to neoplasia and 
cancer appears to be "self-generating,' ^ "' "'- 

There arc several examples in human beings where 
synergism or promotion may be operating. For ex- 
ample, it is well documented that exposure to asbes- 
tos, nickel, or uranium may only be associated with a 
relatively low- risk of the development of lung cancer. 
However, when coupled with cigarette smoking, the 
risk becomes extremely large, much larger than wiih 
smoking alone. 

These may well be striking examples of a common 
phenomenon in the development of cancer. There are 
at least two known sites for synergistic effects. At in- 
itiation, one agent inight allow- carcinogenesis to be- 
gin by providing an episode of cell injury followed by 
cell proliferation. Such an effect might be anticipated 
foi those organs or tissues that show no regular cell 
proliferation. .A. second site is likely to be promotion. 
It is becoming evident that the initiating and promot- 
ing effects of carcinogens may have quite diiTerent 
dose-response characteristics and different kinetics."' 
The combination of a "good initiator, poor promoter 
or selector" and "poor initiator, good promoter or 
selector" may be highly efficient as a carcinogenic 
regimen when contrasted with cither carcinogen 
alone.'-"' Given the ubiquity of xenobiotics, it would 
seem particularly timely for more intensive studies on 
the combined effects of xenobiotics in carcinonenesis.'^" 



Subseqiienl Kequenees— Progression 

.'\s already indicated, there is considerable evidence 
that one or more of the focal proliferations appear- 
ing during promotion or selection are the sites of fur- 
ther change in one or a few cells. These few cells seem 
to have acquired some autonomy, since they appar- 
ently proliferate without the evident need for an ex- 
ternal influence. It is believed that this process of ap- 
pearance of rare change (rare event) and selection 
repeats itself until the organism dies wiih advanced 
malignant neoplasia (Figure 1). 

In man, one consistently sees in many organs sev* 
eral types of putative precancerous lesions, such as 
atypical hyperplasia, dysplasia, and carcinoma ift 
siiu."' '" These lesions appear to occur at later times 
in carcinogenesis than do the focal proliferations dis- 
cussed above. How these sets of lesions relate to each 
other and to altered biologic behavior of cells during 
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in vitro iransiormation (eg, atypical growth, growth 
in soft agar, acquisition of infinite capacity for 
growth) is not clear and remains potentially a very 
fruitful area for study. 

Another important aspect that is now beginning to 
receive attention is the reversibility of steps in chemi- 
cal carcinogenesis. There is considerable evidence ex- 
perimentally and also in humans that some focal pro- 
liferative lesions, such as hyperplastic nodules in the 
liver (and their probable human equivalent, liver 
"adenomas" seen rarely in women on oral contracep- 
tives), polyps in the colon, and papillomas in skin can 
undergo regression or remodeling with normal dif- 
ferentiation."" This area is becoming of particular 
interest in view of the reported efficacy of vitamin A 
analogs, such as c/s-retinoic acid, in preventing or de- 
laying the development of cancer in several systems 
initiated with chemical carcinogens,""' such as the 
bronchus and the urinary bladder. 

The development of models for the sequential 
analysis of the early changes in the carcinogenic pro- 
cess is most encouraging. However, since these 
changes are dependent on the environment, and the 
later ones seem not to be, it may be more difficult to 
develop synchronized models for the later steps in the 
process. 

In (he liver and in the skin in experimental animals 
and in many sites in humans, it has been shown thai 
presumptive precancerous lesions or even cancerous 
lesions can arise in an area of focal proliferation 
characteristic of the early .sequence in the neoplastic 
process. This has been reported many times in the 
skin. In the liver, frankly malignant lesions or histo- 
logically atypical nodules have been found to arise in 
hyperplastic nodules induced by ethionine, aramile, 
diethylnilrosatnine, or 3'-methyl-4'-dimethylamino- 
azobenzene." """'" Thus, clearly the suggested role 
of some of the early focal lesions as possible precur- 
sors of cancer is well grounded. Any suggested se- 
quence that bypasses or omits the hyperplastic nod- 
ule, the papilloma, or similar analogous lesions as 
one site of origin of cancer ignores this unequivocal 
evidence.'" 

Of course, great caution must be used in assigning 
an exclusive role as cancer precursor to the preneo- 
plastic focal proliferation. Over the years, investi- 
gators have brought forth evidence that cancer can 
arise in at least some organs (skin, colon, liver, etc.) 
without (he occurrence of focal proliferations as pre- 
cursor lesions. It is certainly very possible that cancer 
can develop through diflereni sequences.' However, 
if such proposed sequences are to be studied and 
analyzed in detail, appropriate analyzable models 
must be developed. To date, very few, if any, models 
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that can be subjected lo critical analysis via hypothe- 
sis testing have been reported. An obvious problem 
in model design that makes a negative finding unin- 
terpretable is the fact that new focal proliferations 
always grow more quickly than their precursors. 
Naturally, under these conditions, any proliferating 
cell population very often destroys rapidly its pre- 
cursor population. Thus, the absence of a visible pre- 
cursor at any moment in time does not establish that 
such a precursor did not exist. Clearly, a large ex- 
panded precursor population, such as a large nodule, 
is necessary in most instances in order for one to ob- 
serve a new population arising in an older one. This 
serious experimental complication has been over- 
looked in many studies that claim the absence of a 
precursor for any cell population acting as a step in a 
sequence leading to cancer. 



Transfection 

An interesting recent devebpmeni is the induction 
of transformation by the transfer of DNA or chro- 
matin to susceptible cell lines. DNA from several 
types of ceils transformed in vitro or in vivo with dif- 
ferent carcinogens was shown to induce transforma- 
tion."'"" Of great interest is the observation that 
DNA from normal cells was equally effective. These 
new approaches to chemical carcinogenesis open up 
many areas of exploration, including the question of 
whether the information contributions of the DNA 
are positive, ie, code for an identifiable component 
importanl in cell transformation or negative, ie, dis- 
organize the host genome in an appropriate manner. 
Clearly, the possibilities opened up by these inter- 
esting studies on transfection are provocative and 
intriguing. 



Die! and Carcinogenesis 

There is increasing evidence that the dietary com- 
position may influence cancer incidence in some sites 
such as colon, breast, and endometrium.'" "" The 
mechanism(s) through which diets exert their influ- 
ence are not well understood. In some instances, car- 
cinogens occur in (he food as natural substances, as 
contaminants (eg, afiatoxins), or as products of food 
preparation (eg. pyrolysis). Also, dietary alterations 
are known to modulate carcinogen activation. 

In other instances, micronutrients have been 
shown to play a role in the endogenous formation of 
carcinogens. The past 10 years have seen a revival of 
the concept of endogenous origin for some carcino- 
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gens. This idea was proposed In the I93t)st in relation 
10 cholesterol or other sterols but was progressively 
abandoticd as the evidence tailed lo materialize. The 
resurreciion of this idea a.ssumes a new form in the 
■genesi.s or nilro.so-compounds from nitrite and sec- 
ondary or tertiary amines."" Dietary amines or drugs 
such as o.xyietracycline or chlorproniazine can read 
with nitrous acid generated in the stomach from ni- 
trite 10 lorm nitroso-conipounds. Soine of these are 
carcinogenic in experimenial animals. The formation 
of such nitroso-compotinds can he etfcctivcly inhib- 
ited by dietary ascorbic acid"' and by vitamin E. 

This general model is bein.g explored in human co- 
lon cancer.'''' The hypothesis states that carcinogens 
can be generated in the feces and that the levels of 
these, as measured by mutagenic actions, is influ- 
enced by the dietary composition, including vitamins 
C and E and hber content. 



Chem()ihi'ni|»> and Careinojjencsis 

Many of the most effective chemotherapeuiic agents 
for cancer are carcinogenic. For treatment of cancer 
in the age range above 50-60 years, the signihcaiice 
of the carcinogenic risk is clearly minimal, given the 
long "latent period" for cancer development. How- 
ever, in children and young adults, the development 
of second cancers years after the effective treatment 
of the primary cancer is now becoming a recogniz- 
able problem. '"'^"'■'^ Over 25 drugs used in chemother- 
apy have been foimd to be carcinogenic in animals 
and some also in hutnans. 

The magnitude of ihc risk for the many treatment 
regimens is not fully known. However, for some, the 
risk of second primary cancers varies from 7 to 
l2''''o.''''' These figures include some risk factors, 
possibly genetic, that favor second or multiple pri- 
mary cancers quite aside from the therapy. However, 
there is an additional risk from the chemotherapy 
itself. It is naturally anticipated that this risk will in- 
crease as current types of chemotherapy for cancer 
become more successful. It is noi too much to hope 
that, as mechanisms about how chemicals induce 
cancer and how chemicals kill cancer cells arc ciari- 
hcd, ways will be found to prevent the carcinogenic 
elfecis without interfering significantly with iheir 
erticacy in treating cancer. 

It is perhaps noteworthy in this context that a com- 
inon problem in cancer chemotherapy is the appear- 
ance o[ resistant cancer cells. Since resistant cells are 
also produced by carcinogens during carcinogenesis 
and since such resistant celts constitute one form of 
initiation, it is conceivable that the induction of 
resistance to therapy and of cancer might be related. 



Model Systems for Chemical Carcinojiencsis 

A de\elopment of major import in chemical car- 
cinogenesis is the use of new model systems. man\ 
exclusively in vitro and some conibined with //; vivo 
approaches. 

In V'iiro Cell Cuhures 

Fetal and adult cell cultures have been .shown to be 
transformed by a wide array of chemical car- 
cinogens." As with the whole animals, appropriate 
metabolic conversion 10 active derivatives is required 
for procarcinogens to become efTeclive, and various 
ways to accomplish this have been devised. Human 
cells resisted such tratisformaiion for several years. 
However, the past 3 years have seen positive results 
in some human cell systems. '■"■'^" The apparent resis- 
tance was in parf technical and in pari related to the 
end point measured. 

Overall, there are basically two types of systems 
being used." One type utili/es primary cultures of 
Syrian hamster or other embryo cells, often plated on 
a feeder layer of leihally irradiated cells. The second 
type utilizes a variety of permanent cell lines such as 
C3H/T0T': cells. These cell lines are often aneuploid 
and cannot be considered completely "normal" cells, 
since they grow permanently. Despite this, such cell 
systems are very useful for the study of many aspects 
of carcinogens and carcinogenesis. 

The first unequivocal demonstration of the impor- 
tance of cell proliferation and cell transformation 
with chemicals was shown in in vttro systems.'''^ The 
mullistep nature of the transformation process is be- 
coming evident.'" Morphologic alterations, in- 
cluding altered growth patterns and loss of lo- 
poinhibition (loss of contact inhibition), acquisition 
of ability of celts to grow in soft agar or without 
spreading on a solid surface (loss of anchorage de- 
pendence), and ability to grow as a neoplasm in ap- 
propriate intact animals (syngeneic or "immunologi- 
cally crippled," eg, athymic nude mice) appear to be 
discrete or identiliable characteristics that can be 
isolated and studied separately. .Another intcresiing 
use is in the identification and anahsis of promoters 
and promotion. For exainpte, saccharin, a possible 
promoter for urinary bladder cancer.'*^ was shown to 
facilitate the transformation of C3H/10T'; cells 
with some chemical carcinogens.''" Also, in viiro sys- 
tems have been widely used in the analysis of the ef- 
fects of phorhol esters in promotion.'"'"' Among 
other important contributions of in viiro systems are 
the comparisons between various animal and human 
cells with respect to (1) patterns of activation, (2) 
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types of adttucis between carcinogens and DNA. and 
(3) DNA repair patterns. 

In Vitro Or^an Culture 

An old approach that has recently been revived is 
organ culture, using either animal or human (issues. 
Surviving pieces from organs, such as trachea and 
bronchi, skin, esophagus, and urinary bladder are 
stabilized for a few days and then exposed to various 
procarcinogcns and carcinogens. Both growth and 
differentiation can often be maintained for weeks or 
longer in appropriate mediums; and a variety of as- 
pects of chemical carcinogenesis, including activation 
and its modulation, types of quantitation of adducts 
between carcinogens and DNA, DNA repair, and the 
appearance of focal hyperplasias, dysplasias, and 
even transformation are now being studied in detail. 
So far, cell transformation has only been found in 
animal preparations, since the human tissues have 
not been maintained for periods longer than several 
weeks. Comparisons between animal and human 
preparations with respect to many parameters have 
been fruitful.-""'' '" 

Combined In Vivo and In Vitro Models 

The past few years have seen the development of a 
few such systems with considerable success.' In gen- 
eral, animals are treated with appropriate carcino- 
gens (eg, N-ethyl-N-nitrosourea [ENU]; dimcthylni- 
trosamine |DMN] and so on) and tissues from kidney, 
brain, lung, fetus, and so on, have been placed in cell 
culture and followed for weeks or months. The step- 
wise acquisition of properties such as increased growth 
rates, growth in soft agar or methyl cellulose, and 
lumorigenicity on transfer back to animals offers a 
further approach to the sequential analysis of the de- 
vclopmeni of cancer with chemicals. 

Sewer In Vivo Models 

Uliimatcly, hypotheses developed from all the dif- 
ferent approaches will have to be subjected to tests in 
animals and in selected human situations. Since the 
phenol ype of a cell is determined by the environment 
as well as by its genetic makeup, the milieu in an in- 
tact organism may be required to test the relevance of 
a proposed mechanism to cancer. Very few of the 
many systems used in experimental studies on chemi- 
cal carcinogenesis in vivo have evolved to the point 
where a stepwise analysis seems feasible. Skin, liver, 
and mammary gland of selected rodents are three 
such. In each of these systems, some patterns of can- 
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cer development do mimic to varying degrees the pat- 
terns seen in man.' 

New Bioassays for Carcinogens and Promolers 

The basic knowledge thai has been generated dur- 
ing the past 20 years or so has spawned a large array 
of short-term icsis, mostly in viim, for potential car- 
cinogens and more recently for promoters. These 
tests fall in general into two broad groups: those that 
use some correlate of DNA damage or chromosomal 
damage as end points and those thai use cell iranslor- 
mation as an endpoint.""^-''" As with tissues m 
vivo, many carcinogens require metabolic conversion 
to active derivatives before they manifest their effects. 
This necessitates ihc inclusion of an appropriate ac- 
tivation system in all short tests for precarcinogens. 
This development is an essential requirement for 
rapid monitoring of our environmeni and is leading 
to new insights into possible hazards in human occu- 
pational and other exposures.'" ""* 

In addition, they are used increasingly as rapid as- 
says for some more basic aspects of chemical carcino- 
genesis, such as patterns of activation in tissues, en- 
dogenous production of carcinogens or mutagens, 
variations in ability to metabolize carcinogens during 
the pathogenesis of cancer or other disease processes, 
and the analysis of active forms of carcinogens 
during metabolism, to name but a few of many 
examples. 

Overview 

It is evident from this brief discussion and from 
more extensive reviews'' that cancer in many sites 
often arises as a stepwise multistep process. This con- 
clusion can no longer be contested. 

However, the models or systems available for study 
of the genesis, properties, options, and fates of each 
of such sequential cell populations as steps in the de- 
velopment of cancer and their roles, if any, in the 
evolution toward cancer are still not well developed. 
For the early changes, the skin and liver remain the 
best models. However, no model yet exists for the 
study of a possible sequence of events beginning with 
a persistent focal proliferation and ending in some 
aspect of malignant neoplasia. In almost every in- 
stance, the different steps that occur run together in a 
manner thai does not enable the identihcalion and 
analysis of any discrete link in this chain. In our 
view, the main reason for this problem is the "self- 
generaiing" nature of this apparently "environment- 
independent" segment of the carcinogenic process. 
Also, in every model used, the number of early pre- 
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neoplasiic lesions is far larger. b> a factor of 1(V-10'. 
Ihan the number ot cancers ullimatel) seen. This is a 
serious limitation to the sequential analysis ol' cancer 
development. It would be hichl\ desirable to develop 
a model in which the number of early, middle, and 
late lesions equals the number of cancers. Only in 
such a model could one be ceriain that one is study- 
ing the carcinogenic process. The available liver and 
skin models ma\ allow ihh refinement even now. 

Up to now, we have been content to act to a large 
degree primarily as luiiuntlisis. observing nature as it 
appears, with only a minimum of experimental ma- 
nipulation o!' the process. While essential at the be- 
ginning of the study of any biologic phenomenon, 
such an approach cannot hope to elucidate in a factual 
way any process cNcept the simplest and most ele- 
mentary of biologic phenomena. 

This lesson was clearly presented in the exciting de- 
velopments in skin carcinogenesis in the 1930-1950 
decades. During this period, the experinienlal or in 
vivo niariipiilulive appmaiib proved itself. Yet some- 
how, even today, this lesson has gone unheeded ex- 
cept in an occasional suidy of carcinogenesis in the 
liver, urinary bladder, manrmary gland, and connec- 
tive tissue. 

It appears that increasing emphasis has been and is 
being placed on in vitro systems as the major hope. 
These have shown interesting and, in a few instances, 
exciting developments. Vet only in a few combined in 
vivo and in viiro approaches have they opened up 
new- insights into the development of cancer as it oc- 
curs in an intact animal or human.' .Mthough the 
study of transformation in viiro vviih chemicaLs is a 
legitimate endeavor in basic biologic science, there 
consistently appears a desire or a compulsion to re- 
late the findings to the intact organism. Given the 
high reactivity of activated carcinogens with DNA 
and many other cellular constituents and the diversity 
in the products seen, given the extreme diversity of 
biologic effects of active promoters such as some of 
the phorbol esters, given the absence of the highly 
restrictive homeostatic system in the intact organism 
that limits severely what actually happens, and given 
the plasticity and adaptability of cells and cell sys- 
tems when removed from the restrictions of the ho- 
meostatic forces in vivo, there exists a reasonable 
probability that any biologic phenomenon studied (/; 
viiro may not have a close relevance lo the phenotn- 
ena of the development of cancer in vivo. Therefore, 
a close interplay between in viiro and /;; vivo studies 
would appear to be an important prerequisite for a 
mechanistic analysis of carcinogenesis. For example, 
it Is clearly evident that perhaps as mtich as 50''^o or 



60"'o of the time taken for the development of epi- 
thelial cancer with chemicals involves altered or ini- 
tiated cells that shovv no ability to escape from the 
rigid growth control in normal tissues. It is in this 
segment of the process that promotion by external 
agents or manipulations becontes evident. In viiro, 
this period of no autonomous growth is largely by- 
passed. How does one relate the in viiro to the in 
vivo! 

Another aspect that needs some discussion i.s the 
need for systems that require many differenr nwnipu- 
laiions if the multistep process of carcinogenesis is to 
he dissected into its component steps. This principle 
is elementary and yet seems not to have received due 
attention in studies of the carcinogenic process with 
chemicals. The more manipulations required lo pro- 
pel the system toward cancer, the more analyzable 
the model. 

As already mentioned, if a model is designed or is 
being used for metabolic or for dynamic biologic ap- 
proaches to the analysis of the sequence of changes. 
some way to obtain discrete cell populations synchro- 
nized with respect to the step involved must be devel- 
oped. The newer cell sorters may be useful, despite 
the relatively small numbers of cells involved, if suit- 
able markers can be identified. An alternative ap- 
proach is to manipulate the experimental systein so as 
to augment or amplify the cell population under 
study."" 

A highly desirable property of a model is a testable 
hypothesis. By the latter is meant a proposal, based 
on a rational analysis, that can be subjected to a clear- 
cut experimental test. Unfortunately cancer, includ- 
ing carcinogenesis, has been the subject of enormous 
speculative activity for many decades. In the early 
years, when the scientific technology and knowledge 
were meager, few alternatives to speculation were 
present. Given the current state of scientific technol- 
ogy, realistic hypothesis testing, rather than grandiose 
speculation, would seem to be very appropriate. 

The hypothesis testing is needed at different levels 
of biologic organization. Yet this testing seems to be 
hampered by the early acceptance of concepts based 
on minimal or no data. To cite but two examples: 1) 
The concept of loss of growth control dominates cur- 
rent views of initiation and promotion. Yet even a 
casual examination of its foundation is anything but 
convincing.' 2) A commonly expressed view is that 
cancer development with chemicals requires "mul- 
tiple hits" by the carcinogen on the cells that might 
evolve into cancer.'*' "'' Although several "rare 
events'" are probably necessary for the ultimate de- 
velopment of cancer, there is no clear-cut evidence 
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that these need to be or even can be induced by a car- 
cinogen. For example, in the three instances in which 
a likely precursor population, the skin papilloma, 
was exposed to a carcinogen, no influence of the car- 
cinogen on the development of cancer was observed 
in two.'"'"'' While the paucity of experimental data 
does not allow any conclusion at this time, it would 
be premature to conclude that another "hit" by a car- 
cinogen is influencing in a major way the evolution 
of a papilloma to a carcinoma. At least two other 
possibilities must be considered. The first, the most 
radical, would propose that the carcinogen gives no in- 
formation to a cell that relates directly to cancer but 
merely induces a cell that can be selectively amplified 
by a promoting environment. The second, less radi- 
cal, would propose that the postinitiation effect of 
carcinogens are largely, if not entirely, related to the 
promoting effects of the carcinogen, ie, in selectively 
encouraging the growth of the initiated cells by effects 
on the surrounding cells. Clearly, scientific analysis 
demands that such notions be entertained and tested. 
Without a more critical view of the possibilities, it is 
unlikely thai novel approaches to the analysis of early 
steps in the carcinogenic process will be developed. 
Despite these criticisms and limitations, it appears 
that cancer research is approaching a more critical 
view of each step in the process whereby cancer oc- 
curs with chemicals. Given the complexity q( any sin- 
gle malignant neoplasm from any point of view- 
morphologic, biochemical, immunologic, biologic -it 
appears unlikely that the problem of the essential 
nature or natures of any malignant cell population 
can be solved by the exclusive emphasis on the cancer 
ceil. It is likely thai a historic approach, with empha- 
sis on the stepwise sequence of cellular, biologic, bio- 
chemical, molecular, and immunologic changes lead- 
ing to cancer, coupled with a focused study of cancer 
cell populations, would be more appropriate from 
the current perspective. 

Summary and Perspeclives 

The past decade has seen a rapid expansion of our 
understanding of how some chemicals begin the pro- 
cess of the development of cancer. The increasing 
knowledge has included new insights about the re- 
quirement for metabolic activation, about the nature 
of the active molecules, about the en/ymology of ac- 
tivation and the array of products generated, and 
about those that may be major ultimate carcinogens. 
We have learned much about the interactions of such 
derivatives with DNA and other cell constituents and 
about the possible toxic and other effects on cells. 
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There is a general feeling that DNA damage is in- 
volved in cancer initiation in most instances. 

The importance of the modulation of metabolic 
activation by enzyme induction with drugs, chemi- 
cals, diet, and hormones is appreciated generally. 
The enzymes involved, mainly in the microsomal 
mixed- function oxygenase system, can be induced by 
many environmental contaminants such as pesticides, 
herbicides, and polychlorinated biphenyts (PCBs). 
How this ubiquitous exposure may influence cancer 
development in humans is not known. 

The repair of lesions in DNA is receiving increasing 
emphasis, especially since a defect in this process is 
associated with some genetic diseases with a high can- 
cer risk. Themajority of such studies arc in relatively 
simple In vitro systems and arc generating insights into 
what might happen. The study of what does happen 
remains a major challenge. This study may be aided 
by the development of ultrasensitive enzymatic radio- 
immunoassays for carcinogen-DNA adducts. 

These basic studies have generated a host (over 
100) of short-term assays for possible carcinogens, 
many of which reflect damage to DNA or chromo- 
somes. Their prognostic utility as initial screens for 
potentially toxic environmental agents is being ex- 
plored . 

The past decade has also seen an increasing realiza- 
tion that many post-initiation phenomena, including 
promotion, are of major importance for cancer de- 
velopment. In general, promoters do not interact 
with DNA and select an initiated cell population to 
undergo focal proliferation. Alterations in diet, hor- 
mones, drugs, and xenobioiic agents have major in- 
fluences in chemical carcinogenesis through effects on 
promotion and subsequent steps in this muliistep 
process. 

The increasing awareness of the reversibility of 
many of the precancerous steps in cancer develop- 
ment is fostering an interest in the interruption of the 
process through the use of vitamin A and its analogs 
and of other dietary components. 

Despite the major advances, few new insights into 
the essential nature of the carcinogen-altered cells 
during initiation have been generated. Although cell 
proliferation is required for initiation with chemicals, 
its exact role and the biologic nature ot the initiated 
cells remain largely unknown. Even though knowl- 
edge about the further evolution to cancer could gen- 
erate new and important ways lo inierrupi the devel- 
opment of cancer and so prevent the disease, the 
study of these later phases of chemical carcinogenesis 
lags far behind that of the very early biochemical 
events. 
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The studies lo date are consistent with the thesis 
that human lissues in general react very much like 
animal lissues in their handling of chemical carcino- 
gens. Also, very receni studies have shown ihai hu- 
man cells can be transformed in vilro vvilh various 
chemical carcinogens and that the increasing body of 
knowledge about in vilro carcinogenesis is applicable 
in principle io human cells, 

Hoviever, a major uncertainly in this field in gener- 
al concerns the role of chemical carcinogens, either of 
exogenous or endogenous origin, in the etiology and 
pathogenesis of some of (he major forms of cancer in 
humans. There is a general agreement that cigarette 
smoking and ultraviolet light are two major factors 
in the genesis of several important types of cancers. 
Also, there is incontrovertible evidence that many 
chemicals to which humans are exposed in the work- 
place or its environs cause cancer in several organ 
systems. However, the relative quantitative impor- 
tance of these in the majority of cancers not related 
lo smoking is unclear.'*" '"' The determination of the 
roles of chetnicals in carcinogenesis, although no 
doubt difficuli. will almost certainly have a major im- 
pact on our approaches lo the prevention of cancer in 
coming decades. 
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DETEEIMINING "SAFE" LEVELS OF EXPOSURE: SAFETY FACTORS CR MATHEMATICAL MODELS ? 

The object of regulatory toxicology is to determine "safe" levels of 
human exposure to toxicants present in the environment. In this article, 
we compare the traditional safety factor approach to more recent mathematical 
modelling techniques, outlining the underlying assumptions and statistical 
properties of each procedure. Several linear extrapolation procedures are 
examined in detail using computer simulation, along with the Impact of 
nonlinear kinetics on the extrapolation process. 



1. Introduction 

Centuries ago, Paracelsus (1493-1541) noted that "All things are poisons, 
for there Is nothing without poisonous qualities. It is only the dose which 
makes a thing a poison." This simple observation has two Important 
implications. First, overexposure to almost any substance can pose serious 
health risks. Second, the level of risk depends on the level of exposure. 
The fundamental problem of toxicology is thus to determine safe levels of 
exposure to toxicants present in the environment. 

Although conceptually straightforward, the safety evaluation process is 
fraught with uncertainty (Miller et^ al^, 1983). Scientific uncertainties 
prevail with respect to disease etiology, dose response relationships and the 
predictive value of toxicologlcal data. Regulatory uncertainties hinge upon 
the notion of safety itself: is absolute safety an achievable goal or are 
small risks coupled with offsetting benefits acceptable? The increasing freq- 
uency with which environmental regulations are being challenged in the courts 
also bears witness to the legal uncertainties inherent in the statutes under 
which safety evaluation is mandated. 
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There are currently four major approaches to environmental health risk 
assessment (OTA, 1981). While epidemiological studies of human populations can 
provide direct evidence of adverse health effects in man, such studies are often 
clouded by uncertainty with respect to exposure levels and the possibility of 
confounding risk factors which may mask or otherwise obscure any effects of the 
putative causal agent. Perhaps more importantly, epidemiology necessarily 
involves an assessment of disease causality after the fact, and is thus 
inconsistent with a preventative regulatory philosophy. All of these problems 
can be overcome through the use of carefully conducted toxicologlcal studies 
using animal models for man, but at the expense of obtaining only indirect 
evidence of potential health hazards to the human population. Because many 
physiological and biochemical processes are common to a number of mammalian 
species, however, toxicologlcal studies have come to form the cornerstone of 
much of today's health risk assessment practice. Supplementary data is also 
provided by short-term In vitro tests designed to detect mutational and other 
events thought to be part of the process of carcinogenesis (NRC, 1983a) and 
sometimes by comparisons of the physical and chemical properties of the agent of 
interest with those of known toxicants. 

A wide spectrum of toxicologlcal tests have been devised to assess a 
variety of possible adverse health effects. Recently, several attempts have 
been made to systematize the application of these tests In a logical and orderly 
fashion. One of the most notable Is the decision tree proposed by the Food 
Safety Council (FSC, 1982). The preliminary stages of this approach involve a 
determination of physical and chemical properties of the agent In question and 
an assessment of potential human exposure levels. Following the completion of 
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acute toxicity studies, a decision Is made as to whether the compound Is unsafe 
or to proceed sinultaneously with a specific battery of short term tests for 
genotoxlcity as well as studies on metabolism and pharmacokinetics. While 
evidence of serious genotoxlc effects would likely halt further testing, 
additional tests might be considered unnecessary if no mutagenic effects were 
observed and If the substance was readily metabolized into residual levels of 
normal body constituents. Otherwise, subchronic and reproductive studies would 
be undertaken, followed by chronic toxicity studies in cases where human exposure 
is expected to be high or where the previous tests could not provide adequate 
assurances of safety. 

Once the available data has been carefully evaluated, the regulatory 
toxlcologist faces the difficult problem of establishing a safe level of exposure 
for man. From the regulatory point of view, this raises the issue of absolute 
versus virtual safety. The manner In which this question has been addressed in 
the past may be determined by examining the positions taken in legal statutes 
concerned with environmental health risk management. The recent review by the 
National Academy of Sciences (NRC, 1983b) revealed that both zero-risk and "de 
minimus" risk positions have been taken in different situations. A well-known 
example of the former case is the 1958 Delaney amendment to the U.S. Food and 
Drug Act of 1954 (see Coulston, 1979, for a detailed discussion). With respect 
to direct food additives, this piece of legislation specifically states that "no 
compound shown to cause cancer in man or animal may be added to food". Examples 
of the latter case Include the setting of tolerances for food contaminants such 
as aflatoxln under Section 406 of the same (Miller, 1983) and the establishment 
of water quality criteria under the Clean Water Act (EPA, 1980). 
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In this paper, we examine the available procedures for establishing 
acceptable levels of human exposure to carcinogenic substances In the 
environment based on the results of long-terra bioassay studies conducted In 
small rodents (Bickls & Krewski, 1984). We begin with an overview of the use of 
safety factors and mathematical models for this purpose (section 2). Several 
procedures for linear extrapolation are considered In section 3, and their 
propeties studied using computer simulation techniques. These results are also 
compared with those based on the use of a 5,000-fold safety factor. The Impact 
of nonlinear kinetics in the metabolic activation process on risk estimation is 
examined in section 4, A suimnary of our findings and recommendations is 
presented in section 5. 

2. Safety Factors and Mathematical Models 

2.1 Safety Factors 

The traditional approach to setting acceptable levels of human exposure 
to environmental toxicants has been to apply a suitable safety or uncertainty 
factor to that dose level at which no adverse effects were observed in 
toxlcologlcal studies. This approach seems to have been formalized first by 
Lehman & Fitrhugh (1954). In a detailed review of this procedure, Dourson & 
Stara (1983) note that a 100-fold safety factor has often been applied for 
general toxic effects other than cancer. This safety factor allows for a 10- 
fold variation in susceptibility between animal and man as well as a 10-fold 
variation in individual susceptlbily within the human population. In the 
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absence of a no-effect level, an additional factor of 5 or so may be 
incorporated. A safety factor of 5,000 has been proposed for certain kinds of 
carcinogenic effects (Weil, 1972; Truhant, 1980), with the additional factor of 
10 being due to the severity of the response. 

In applying the safety factor technique, the underlying assumptions snouia 
be clearly understood. Foremost among these is the presumed existence of a 
threshold dose below which all individuals in the population at large will be 
free of risk. The safety factor approach also makes no distinction between 
laboratory response rates of 0/10 and 0/1000, thereby ignoring sample size. 
Finally, this approach takes little cognizance of the shape of the dose response 
curve, with steep and shallow slopes being treated more or less alike. 

2.2 Mathematical Models 

A more recent approach to establishing safe levels of exposure involves 
the application of mathematical modelling techninues to bioassay data in an 
attempt to determine a virtually safe dose or VSD corresponding to some suitably 
low level of risk (Figure 1). Formally, the VSD is defined by that dose dg 
for which 

1, - P(do) - P(0), 
where P(d) denotes the probability of a response at dose d and ir is the 
acceptable risk level. 

The shape of the dose response curve in the low dose region can have an 
appreciable effect on the VSD (Figure 2). Dose response curves approaching zero 
at a faster than linear or supralinear rate are theoretically possible under 
certain constructs, such as in a heterogeneous population comprised of a high 
proDortion of susceptible individuals (Hoel , 1984). From the practical point of 
view, however, such a disproportionate increase in risk with increasing dose 
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seems somewhat questionable. It Is now widely accepted that dose response 
relationships for carcinogenic agents will be at worst linear In the low dose 
region. For compounds which appear to act via the same mechanism by which 
spontaneously occuring lesions arise, moreover, it can be shown quite generally 
that low dose linearity will in fact obtain (Crump et al, 1976). Other 
observations consistent with such behaviour for compounds acting through direct 
interaction with genetic material include the linearity of many mutagenicity 
data sets at subtoxic doses and the linear relation between the formation of DNA 
adducts and low doses of several alkylating agents (Hoel et^ £l.» 1983). For 
compounds which appear to Induce tumours due to secondary effects as the result 
of metabolic overload at high doses, on the other hand, even sullnear or 
threshold effects cannot be ruled out. Because of the statistical difficulties 
in determining thresholds however, most models have dispensed with the threshold 
concept (Brown, 1976). 

(Insert Figures 1&2 about here) 
The many mathematical models proposed to date vary in their degree of 
biological sophistication (Munro & Krewskl, 1981; Le Cam, 1982). Simple 
tolerance distribution models such as the probit, logit and Weibull postulate 
the existence of a certain distribution of tolerances within the population, 
with the absence of a population threshold reflected In the fact that the 
minimum of the Individual tolerances is allowed to be zero. Stochastic models 
such as the multi-hit or multi-stage assume that a positive response is the 
result of the random occurence of a specified number of hits at the target 
tissue or the completion of a certain number of stages In the response process. 
Other approaches Involve a compartments and the rate of tumour occurence as a 
function of dose within the critical compartment (Hartly et^ £!,• . 1981). 
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As an example, consider the estlmatea of excess risk over background in the 
low dose region shown in Figure 3 for 2-AAF Induced liver tumours in nice 
exposed for up to 24 months (Littlefleld et a_l. , 1979) based on the models noted 
above. These estimates are based on standard maximum likelihood procedures 
under the assumption thac spontaneous and treatment induced lesions occur 
Independently (Krewskl & Van Ryzin, L981). The corresponding estimates of the 
VSD at risks of 10"^ or lower span several orders of magnitude, with the multi- 
stage, Weibull, multi-hit, logit and probit models leading to progressively 
higher estimates. Although the magnitude of the differences between models will 
depend to some extent on the experimental data, the relative ranking of the 
corresponding VSD's may be expected to be similar to that obtained here whenever 
the observed data exhibit some degree of upward curvature. Unfortunately, 
statistical goodness-of-f it tests are not sufficiently powerful so as to be able 
to distinguish between two plausible models (Crump, 1981), leaving the choice of 
model uncertain. 

(Insert Figure 3 about here) 

In contrast to the use of simple quantal data considered in the previous 
example, several methods for exploiting Information on time to tumour occurence 
are also available (Kalbfleisch et_ a_l^. , 1983). Application of these procedures 
Is however hampered by the difficulties in obtaining accurate information on 
time to tumour occurence. Perhaps more importantly, recent investigations have 
shown that such procedures will not resolve the uncertainty as to the shape of 
the dose response curve in the low dose region even if precise information on 
time to tumour were available (Krewskl et al., 1983). 



- 142 ~ 



3. Linear Extrapolation Procedures 

In the preceding section, It was suggested that the linear hypothesis may 
represent a realistic position with respect to the low dose behaviour of some 
carcinogenic agents. For others displaying sublinearity or even threshold 
ettects, moreover, linear extrapolation will provide an upper limit on the 
actual risk in the low dose region. In this section, we consider some simple 
methods of linear extrapolation and contrast the properties of these procedures 
with the use of a 5,000-fold safety factor applied to the lowest effect level 
observed in animal tests. 

The proposed procedures are summarized In Figure A. The first approach to 
linear extrapolation is due to Van Ryzin (1980), and Involves extrapolating 
linearly from some point near the lower end of the fitted dose-response curve. A 
second approach Is to extrapolate linearly from the lowest dose at which the 
observed response exceeds that In the control group. A slight modification of 
this simple linear extrapolation procedure is to smooth out any inversions in the 
observed dose-response curve using isotonic regression (Barlow et al., 1972), and 
then extrapolate linearly from the lowest dose above control. The final 
procedure we consider is the application of a 5,000 fold safety factor to the 
lowest dose at which the response Is significantly (p<.05 in Fisher's exact test) 
above that in the control group. 

(Insert Figure 4 about here) 

Computer simulation was used to evaluate the performance of these four 
procedures. This involved generating 1000 sets of bloassay data in accordance 
with the two-stage models 

P(d) - 1 - exp (-(ao+aid+a2d2)} 
shown in Figure 5 using an experimental 



- 143 - 



design with 50 animals at doses of d=0,"i,H and 1 times the maximum tolerated 
dose. Each of the curves was constrained so as result in response probabilities 
of 5?> and 50% at d=0 and 1 respectively. The linear model is linear at low 
doses as well as throughout most of the dose range. The linear-quadratic model 
IS linear at low doses ana exnioits some degree of upward curvature even at 
higher doses. The pure quadratic model is similar to the linear-quadratic model 
in terms of overall shape, but is sublinear in the low dose region. 

(Insert Figure 5 about here) 

The advantage of using simulated as compared to actual bfoassay data is that 
the underlying model from which data arose is known, and provides a yardstick 
with which to guage the performance of the different extrapolation procedures. 
Our comparisons were based on the measure 

C = logio (do/do), 
where do denotes the estimate of the VSD dg at a risk of lO"^. This 
criterion provides a measure of relative error on an order of magnitude scale. 
C=2, for example, would correspond to an overestimate of two orders of magnitude 
or a factor of 100. C=-l, on the other hand, would indicate the VSD had been 
underestimated by a factor of 10. By analyzing each of the three dose response 
models in Figure 5, we were able to obtain an estimate of the distribution of 
the errors C for each of the three linear extrapolation procedures considered as 
well as the safety factor approach. 

The error distributions for the model based linear extrapolation procedure 
starting from excess risk levels of ttx=0.001, 0.01 and 0.1 are shown in Figure 
6. Since taking Trj(=0.001 resulted in several estimates which were between 10 
and 100 times above the true VSD when the underlying dose response curve was 
linear, this procedure was less desirable than that based on 71^=0.01 or 0.1. 
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Although there was little to choose between the latter two values unde*- the 
linear-quadratic model, ttx^'O-OI ^^s less conservative than tvx=0.1 in the 
pure quadratic case. (The consistent underestimation of the VSD under the 
quadratic model is a reflection of the low dose linearity imposed by the 
extrapolation procedure in the presence if a sublinear dose response curve.) 
Thus, we selected •iij(=0.01 for further evaluation. 

(Insert Figure 6 about here) 

The error distributions for this procedure are compared to those based on 
simple linear extrapolation and the application of the 5000-fold safety factor 
(Figure 7). (The isotonic regression procedure yielded results which were 
essentially the same as those shown for simple linear extrapolation and are thus 
omitted.) While little difference was noted between the model -based and simple 
linear extrapolation procedures, the latter has the advantage of ease of 
computation — analysis of a single data set could in fact be performed in 
minutes without the aid of even a pocket calculator. When the underlying dose 
response curve is linear at low doses, these results also indicate that linear 
extrapolation is preferable to the safety factor approach because of the 
latter' s consistent overestimation of the VSD by up to two orders of magnitude. 

(Insert Figure 7 about here) 

It should be emphasized that the superiority of the linear extrapolation 
over the safety factor approach has been demonstrated only when the dose 
response curve is truly linear at low doses. To illustrate the superiority of 
the safety factor approach in another situation, suppose that a threshold were 
introducted into the linear-quadratic model at d=0.OOl. Although this change 
would have an imperceptible effect on response rates above this dose, the safety 
factor would now underestimate the threshold dose by as much as it had 
overestimated the VSD under the original linear-quadratic model (Figure 8). 

(Insert Figure 8 about here) • 
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4. Pharmacokinetic Models for Metabolic Activation 

In the preceding section, we evaluated the performance of several extrapol- 
ation procedures, using the administered dose as the dose metameter for extrapo- 
lation. Many compounds, however, require some form of metabolic activation in 
order to be effective (O'Flaherty, L981). In this sectiun, we thert^fort- con- 
sider some simple pharmacokinetic models for metabolic activation, and explore 
the effects of nonlinear kinetics on the simple linear extrapolation procedure 
introduced in section 3. 

Consider the metabolic activation scheme depicted in Figure 9. In this 
case, the concentration of the agent in the compartment into which the compound 
is taken up is assumed to be proportional to the administered dose, as might be 
expected with inhalation exposure- Once absorbed into the body, the compound 
may be either eliminated or converted to a reactive metabolite responsible for 
neoplastic tissue change. In this model, both elimination and activation are 
allowed to be saturable following Michaelts-Menten kinetics. The general re- 
lationship between the administered dose d and the dose of the reactive metabol- 
ite d* delivered to the target tissue is derived in the Appendix. For 
simplicity, we will assume in what follows that the probability of tumour 
induction is a linear function of the delivered dose (Hoel et al ., 1983). 

(Insert Figure 9 about here) 

tinder linear kinetics, the probability of tumour induction will be described 
by the linear model discussed In section 3. Under saturable activation, the 
dose-response curve may exhibit a distinct levelling out at higher doses, 
whereas the reverse effect may occure under saturable elimination (Figure 10). 
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(The values of the kinetic constants underlying these three cases are given in 
the Appendix. ) 

(Insert Figure 10 about here) 

The performance of the simple linear extrapolation procedure Introduced in 
section 3 based on simulation of these three situations is summarized in Figure 
LI. Although all three curves are linear in the low dose region, the procedure 
seems to be somewhat conservative in the case of saturable elimination. The 
reason for this Is that the steepness of the dose response curve under saturable 
elimination results in frequent extrapolation from the maximum tolerated dose. 

(Insert Figure 11 about here) 
5. Summary and Conclusions 

The fundamental problem of toxicology Is to determine safe levels of human 
exposure to environmental toxicants based on the results of toxlcological 
experiments. The solution to this problem depends to a great extent on the 
shape of the dose response curve In the low dose region, with the linear and 
threshold hypotheses representing perhaps the two plausible extremes. Since 
both possibilities will generally be consistent with data in the observable 
response range, the choice between them must be made on the basis of supplemen- 
tary biological information concerning possible mechanisms of action. While the 
possibility of subllnearlty lies between these two extremes, the chief diffi- 
culty with this concept in practice is that the appropriate degree of subllnear- 
lty cannot be readily determined on the basis of experimental data. 

When low dose linearity is Indicated, some form of linear extrapolation 
seems appropriate. Three possibilities were considered here. The first 
involved linear extrapolation from some point on the fitted curve where the 
excess risk is still in the observable range. Our limited simulation results 
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suggest that the 1% excess risk point may not be unreasonable in this regard. 
The second Involves linear extrapolaclon from the first experimental point at 
which the response rate is above that in control. The third method proceeds in 
an analogous fashion after using Isotonic regression to smooth out any revisions 
in the observed dose-response curve. 

Under the conditions studied, each of these three linear extrapolation pro- 
cedures was found to perform similarly. In the case of low dose linearity, the 
VSD was generally estimable to within a factor of 10 or so. In sublinear or 
threshold cases, however, linear extrapolation was found to underestimate the 
VSD by factors of up to 1000 or more. Conversely, the use of a 5000-fold safety 
factor applied to the lowest dose at which a statistically significant increase 
above control was observed was found to seriously overestimate the VSD in the 
case of low dose linearity, but was found to be superior to linear extrapolation 
In other cases. Again, the most suitable procedure cannot be selected on the 
basis of the observed data, although guidance in this regard may be obtained 
through careful consideration of all of the available biological data in other 
test systems. 

In conclusion, we feel that the use of both linear extrapolation and safety 
factors represent viable approaches to establishing safe levels of exposure with 
the most suitable of these two methods depending on the biological acceptability 
of the linear no-threshold hypothesis. Refinements to the simple linear 
extrapolation procedure favored here may be developed so as to Incorporate 
confidence limits and Interspecies adjustment factors, although given the 
uncertainties in these latter two areas (Crump & Howe, 1983; Hogan & Hoel, 
1983), the procedure may be useful as it stands at least as a first 
approximation. 
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Appendix: Pharmacokinetic Models for Metabolic Activation 

In this appendix, we describe a simple pharmacokinetic model for metabolic 

activation of the test compound. For simplicity, details will be presented only 

for the case of Inhalation exposure involving a constant concentration of the 

test chesicai in the atmosphere. Assumins zero*-" order kinetics, the rate 

of uptake is then simply KQ=pd (0 p<l), where d denotes the concentration of 

the agent under study In the atmosphere. 

Consider the kinetic model shown in Figure 9. Once absorbed, the test 

compound C may either be eliminated or activated to a reactive metabolite RM 

responsible for tissue damage. Both of these processes are allowed to follow 

Mlchaells-Menten kinetics with respective maximum rates Mg and M^ and "first 

order" rate coefficients kg and k^ at low doses. 

This simple model is described by the system of nonlinear differential 

equations 

k M [C] k M [C] 
d[C] ^^ .J_J__ _ ^_1___ (A.l) 

dt ° M + k [C] M + k [C] 
a a e e 



and 

d[RM] 



k M [C] (A. 2) 



dt M +k [C] 
a a 



where [C] and [RM] denote the respective concentrations of the chemical absorbed 
and reactive metabolite formed by time t. Under the steady state condition 
d[C]/dt = 0, (A.l) may be written as the quadratic equation 

a[Cl2 + b[C] + c = 0, (A. 3) 
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where 

a = kake(Ko - M^ - Mg). (A, 4) 

b = ko(Make + Mgk^) - MaMgCk^ + k^] and (A.S) 

c = koMgMe. (A. 6) 

For the system to be staole, the rate of uptake ot tne test compound nxjst be 
less than the maximum total rate of absorption and elimination, i.e., 
Ko^Mg+Mg. Under this condition, a<0 and (A. 3) is a parabola opening 
downward. Since oO, (A. 3) has one positive and one negative root, the former 
being 

-b - (b^-aac)** (A. 7) 

[C]* = - 



2a 

It now follows from (A. 2) that 

kaMaCC]* t (A.S) 

t«"^* = nrTTrrc¥ 

which gives the steady state concentration [RM]* of the reactive metabolite as a 
function of the atmospheric dose d at any time t. 

It is of interest to note that [RM]* + y'<Q as Kq + 0, where 
f - '^a/'^a'*"'^e^ ^^ ^^^ fraction of the absorbed dose which is activated at 
low doses. As ko + Ma^^C' °'^ ^^^ other hand, 
[RM]* * kgMa2/(kgMa2+i(3Mg2), j^is is the limiting slope as the 
system becomes unstable. 

Variation of the kinetic constants governing absorption, elimination and 
activation can lead to a spectrum of curves relating the delivered dose to the 
target tissue d*=[RM]* to the target tissue to the adminstered dose d (Table 1). 
Similar effects are also observed under the linear dose response model 

P(d) = 1-exp {-{ao+aid*}} (A. 9) 

where d* = f(d) with f defined through (A. 7) and (A. 8) (see Figure 11 in the 
text) . 
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Table 1. Kinetic Constants Leading to Concave, Linear and Convex 
Relat 1 onshiDS Between the Delivered and Administered Dose 
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the; stages CW CARClNOr.KMESIS AND 
THEIR 1X3XIC K'FFKCT LEVELS 



Douolas HarcUnq, M.O., D.A.B.Path. 

One of the areat purposes of science is to free 
society of fear and superstition. An increased 
understanding of life, biology, physics and all the 
other components of science has progressively 
eliminated the fears and superstitions of man to the 
point that today science is the main foundation of our 
civil ization. 

Recently, however, our increasing knowledge 
concerning chemicals in the environment is 
paradoxically generating fear in the society and the 
building up of superstitions such as: 

1. There is no safe level of a chemical and even 
a single molecule can cause death. 

2. The only ,vay to prc^tect the environment and 
the health of living things includinq man, is 
by banning th.- sut)5t^:nce. 

About ten year? ago we in fact kneu' very Jittle 
about the chemicals polluting the environment. In 
order to prudently protect the public health, a list of 
assumptions were drawr uf- for administrative or; 
regulatory purposes, au'l were based not on science, but 
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on the absence of knowledqe. it is these ast-umptions 
which har> led to the attitude prevalent in socioty 
today. 

The nine principles put forth by the Environmental 
Protection Agency (EPA) are as follows: 
Table 1 

1. A carcinogen iz any agent which increase'^ 
tumor production in man or animals. 

2. V\'el 1- establ j shed criteria exist for 
distinquiGhino between benign and maliqnant 
tumo.'s; hov^evp-r, even the induction of benign 
tumors is sufficient to characterize a 
chemical as a nrcinogen. 

3. Th" majority of human cancers are caused ij/ 
avoidable expo<:vt;re to carcinogens. 

4. While chemicals: can be carcinogenic agents 
only a small percentage are. 

5. Carcinogenesis is characterized by its 
irreversibility and long latency period 
following the initial exposure to the 
carcinogenic agent. 

6. There is great variation in individual 
susceptibility to carcinogens, 

7. The concept of a threshold exposure level for 
a carcinogenic agent has no practical 
siqnificance hecauBe there is no valid metho-l 
of establishing such a level. 



- 168 - 

8. A carcinoqenic ag^.'nt- may be identified through 
analysis of tumor induction results with 
laboratory animals expospd to the aqent, or on 
a post hoc- bar is by '"»rrpcrly conducted 
epideraioloqictil s.tudies. 

9. Any substance which fjroduces tumors in anir.jiJ;; 
must be considereti a carcinoqenic hazarn to 
man if the results were iJchieved accord iny to 
the established parauiecers of a valid 
carcinoqenesi s test. 

Since the drawing up of these principles science- 
has advanced and where there was lack of knowledge we 
now have some ideas about the mechanism of 
carcinogenesis. The pathogenesis of cancer is now 
thouqht to occur in stages with the main stages beinc! 
initiation followed by progression. In many caset:, a 
staqe of promotion occurs between initiation and 
progression. 

To understand the change in thinking two 
definitions are useful. The process as defined hjy the 
KPA principles is referred to as a functional 
definition in which the animal is envisaged as a black 
box. A chemical is put into the black box and if a 
neoplasm comes out the chemical ir, defined as a 
carcinogen. 

The nev: approacii is to develop a mechanistic 
understanding of the process of tusfiorogenes is and the 
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actual chemical react ir>np iind^idono by the clirrnicaL 
beino tested. Tfie anima' ;ir, a black box is retjlace*.! 
with an understand i nq oF the chemodynan^ ict: of the 
chemical r.ubstance bein'j reGteJ. 

Thf^ mechanistic approach le^ai.'i''-^ to tiiree procesiTes 
to he defined which are initiation, epi.jenetic elTtects 
of which promotion is one and cytotoxic effects. It in 
my belief that epigenetic and cytotoxic effects have 
thresholds below which thrre is nn untoweird 
consequences upon exposure to the chemical. Initiation 
on the other hand is not yet understood and a threshold 
effect level is not definable. 

The staqes of carciiioqenesis is illustrated in the 
followinq slides: 

Fiqure 1. Stages of Carcinogenesis 



Figure 1. St^iges of Carcinogenesis 
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The mechanistic definitions for the various terms 
used for the stages of carcinoar-nosia are as follows: 

Table 2 Mechanistic Definitions 



A. Genotoxic Substance or Initiators 

1. Direct-acting or primary carcinogen. 

Capable of bindinq directly to DNA and 
causing a genotoxic reaction. 

2. Procarcinoqen or secondary carcinogen. 

Requires conversion thru metabolic 
activation by host or in vitro to type 1. 

3. Inorganic carcinogen (i.e. a metal) 

Not directly genotoxic but leads to 
changes in [;NA by i^elective alteratrion in 
fidelity of DNA replication. 

B . Epiqenetic Substanc es 

4. Solid-stato rarcinoaen 

Rxact inechan if-.iR unknown; usually aff'^ctt: 
only meb:.nchymal cells and tissues; 
physical form vital. 

5. Hormone 

Alters endocrine system balance and 
differentiation; often acts as a 
promoter. 
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6. Imitiunosuppressor 

Mainly stimulates tumor growth by 
suppression of the immune system. 

7. Co- carcinogen 

Not genotoxic or carcinogenic, but 
enhances the effect of type 1 or type 2 
agents when given at the same time. 

8. Promoter 

Not genotoxic or carcinogenic, but 
enhances effect of type 1 or type 2 
agents when given subsequently. 
We can see now that administering a chemical to an 
animal which subsequently develops a neoplasm does not 
indicate that that chemical is a carcinogen. 

There are two grades of toxicity now recognized. 

(a) A graduated response depending on dose in 
which the toxic effects become inconsequential 
at low doses. 

(b) A quantum or "all or nothing" effect in which 
there is no gradation of response. This 
reaction is applied to initiation or genotoxic 
effects and is thought to occur at any dose 
level since nc threshold has yet been 
d^nonstrated . 

The graduated type o*" toxicitv applies to promotorr and 
cytotoxic agents. Tt\o .Tradii ^ on y>L respons*^ to a 
cheitticai substance is well ;^nc:wn aid can be illustr-ited 
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by the examp] r of puherty. As the male or female sex 
horraone increases, it will ri'os.i the threshold at whicti 
sexual development coninitiues . The eflect is mediated 
by chemical receptors in the cells which influence the 
cells' behavior and cellular proliferation when a given 
number ot the receptors are bound. The binding of 
chemicals to receptors in the cell is one of the 
mechanisms by which promotion of initiated cells could 
occur . 

Cytotoxicity is also a gradation response 
depending on dose. A synergistic response can be seen 
between cytotoxicity and an initiator such as in the 
case of formaldehyde. Cell death loads to hyperplasia 
of surviving cells. The increased rate of mitosis can 
result in less time for DNA repair to be completed, or 
in the locking in of mutational events leading to 
initiation, or could increase the target size for 
mutational events by the initiator. However, there is 
a threshold for cytotoxic effects and low doses of the 
toxic chemical would be inconsequential. 

The presence of thresholds is thf^ rule in 
toxicology and graduated tox icological effects playing 
a role in carcinogenesis should be separated out. The 
"all or none" type of reaction is exceptional and was 
first observed with the carcinogenetic effects of 
radiation. This observation was then applied to 
chemicals having mutagenic effects similar to 
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radiation. Society is best protected from initiators 
by continuing to use risk analysis and open public 
discussion to settle the acceptable risk question. 

The use of risk analysis no longer appears 
necessary for substances not having "all-or-none" 
toxicity. Well conducted toxicological research should 
be able to demonstrate tho dose response gradient and 
the approximate threshold. Uncertainty tactors could 
be applied to the reliable no observed effect level 
(NOEL) or to the dose causing an effect in 1% of the 
animal (EDO!) to drivo at a safe dose or concentration. 

If the environment is full t)f promoters as many 
people believe, then the addition of any initiating 
carcinogen would result in an epidemic of cancer. This 
has not happened and is a common sense understanding 
that the sea of promoters around us must be present at 
levels below a threshold for no such epidemic is 
occurring. It has been pointed out many times that the 
rate of cancer has not increased over many years except 
for lung cancer almost all of which can be ascribed to 
cigarette smoking. 

Summary 

The generalized definitions given by the E.P.A. 
should be abolished and a mechanistic set of definition 
based on the stages of carcinogenesis substituted. 

Experiments should be designed to determine the 



- 175 -T 



biochemical mechanism involvtri and to eliminate 
cytotoxic inter feri?nce. No qencralized statement that 
a chemical is a carcinpqon can be made simply because 
it causes tumors to develop in animals or because 
humans exposed to the chemical at work are dyina of 
cancer . 

Risk analysis should be applip>d only to genotoxic 
substances having an "all or none" toxic response. It 
is not sensible to apply risk analysis to epigenetic or 
non-genotoxic substances having a graduated toxic 
response. For this grrjup of chemicals, an 
experimentally well d.e'"ined NQEL or EDOl can be used as 
an endpoint. A safety or uncertainty factor can then 
be applied to drive at a level below the toxic 
threshold level of the population. 
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